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Have you ever imagined a city without noise problems which - at the same time - provides 
spaces with good sound quality? Can you imagine a pleasurable public space, a street to enjoy 
walking, or a pleasant square inviting you to stop and sit for a while? I hope you have experi-
enced this at least once in the urban space. Unfortunately, most metropolitan public spaces 
are far from being pleasant environments even providing inhospitable noisy places contrib-
uting to a stressful and unhealthy city which reduces the quality of liveability. 
The following question might arise: Can urban decisions affect the soundscape? The answer 
is affirmative. Urban decisions can have an impact on the sound environment. Thus, sound is 
an essential factor that should be considered in any urban intervention.  
But how does one design urban spaces that provide a high quality sound environment? Due 
to the big gap between acoustics and urban planning, this question is difficult to answer. In 
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 “Nothing in life is to be feared, it is only to be 
understood. Now is the time to understand more, 
so that we may fear less.” 








                                                     
 
 
1 The first woman to win a Nobel Prize, the first person and only woman to win twice, and the only person to win 
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Traffic noise produced by transport is one of the most daunting environmental problems 
in cities nowadays. Additionally, it generates a high economic cost.  
Despite the great importance of this noise problem, environmental sounds are often ig-
nored by urban planners and architects. They are mainly concerned about how cities and 
buildings look like and fail to give attention to how architecture or the urban space sounds. 
Urban design can be described as the art of creating great spaces. The spaces we inhabit al-
ways involve distinctive sounds that have an effect on us. Therefore, urban public spaces 
should also be provided with sound quality. Currently, the knowledge about how architects 
and urban planners can help to guarantee a qualitative sound environment is not properly 
disclosed. Therefore, this is a field which deserves research.  
This dissertation contributes to bridge this gap addressing the issue from a holistic point of 
view and provides different approaches along three main chapters. Firstly, understanding the 
relationship between the urban geometry and the sound space that it produces in order to 
foster urban spaces less prone to road traffic noise (Chapter 1). Secondly discovering the in-
fluence of the human multisensorial perception in the appreciation of the quality of urban 
space so that visual and acoustic environments can be individually conceived to increase the 
pleasantness of an urban space (Chapter 2). Finally, evaluating the subjectivity of human per-
ception and understanding the personal differences between individuals to guarantee pleas-
urable urban spaces for all sort of people (Chapter 3). 
 
Chapter 1: Reducing traffic noise in street canyon by architectural design.  
Abating road traffic noise pollution is one of the main urban environmental challenges now-
adays. However, architects and urban planners take decisions on urban regulations that define 
the shape of streets and buildings without taking this aspect into account. Furthermore, there 
is little information about the influence of urban geometry on traffic noise exposure in streets. 
This approach only controls urban traffic noise from reducing sound pressure levels. The 
aim is to reduce the traffic noise through the modifications of a standard street canyon shape. 
In this research, the effect of street canyon design on sound pressure level distribution is nu-
merically studied in high detail with the full-wave finite-difference time-domain method 
(FDTD). The CNOSSOS equivalent source power spectra were used to approach road traffic 
noise sources along two traffic lanes. Receivers both along the façades and the sidewalks have 
been considered in more than 70 geometric cases. The average equivalent sound level A-
weighed (LAeq) is considered for pedestrians and the median LAeq is calculated at the windows. 
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The general shape of the buildings, the design of the façades, the configuration of the street 
and the shape and position of urban furniture were analysed in detail. Different alternatives 
regarding the specific location of these elements, their geometry, the inclination of their sur-
faces and different absorptive materials were additionally considered. 
This investigation revealed that certain street configurations strongly affect the overall 
noise levels: urban elements can highly contribute to important noise reduction for pedestri-
ans, even small geometric variations at street level and along façades can be an effective ar-
chitectural means to reduce noise exposure and to culminate, the combination of several in-
terventions can achieve the most significant noise reductions. The shape of a building can be 
responsible for variations of up to 7.0 dB(A) at the pedestrian height. Building-façade design 
can reduce the average exposure at windows with 12.9 dB(A). It was further predicted that 
street geometry can enhance the positive effect of low barriers to 11.3 dB(A) along sidewalks. 
This research has an important role to play in noise control. The most important outcome 
of this section is a practical collection of architectural guidelines to control traffic noise 
through the geometric details of the canyon shape. This dissertation represents a valuable 
contribution to help architects and urban planners to be aware of the acoustic consequences 
of their urban decisions and to create quieter streets through thoughtful design of the urban 
canyon. 
 
Chapter 2: Audio-Visual perception.  
Sound planning is not often included in the urban design process despite the well-known 
audio-visual interactions of human perception. Beyond the aim of reducing noise, this ap-
proach considers what the public perceive subjectively from the sound environment.  
This research analyses the influence between the audio and visual perception while walking 
on a bridge that passes over an urban highway. The purpose was to understand the effect of 
sound and visual sense while experiencing a somewhat degraded urban public area, in addi-
tion to identifying the acoustic and visual characteristics of the urban environment that con-
tribute to enhance the quality of urban space. This way, the visual and sound elements can be 
used to improve the quality of the urban space. 
The most important outcome here is an innovative method developed to compare the 
overall appreciation of future renovation alternatives of urban public spaces.  
The latest Virtual Reality technology was used to create realistic models visually. Addition-
ally, an advanced virtual sound scene was accurately predicted and created with dynamic and 
three-dimensional characteristics.  
Four different styles of visual street design including different noise barrier heights in com-
bination with the 4 corresponding predicted sound fields were evaluated for their pleasant-
ness by 71 normal-hearing participants on 4 separate days. Participants experienced on each 
day all the visual environments with only one soundscape to elude direct sound comparison. 
Additionally, the experience was intended to be as close as possible to a real walk. Therefore, 
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anything related to sound was not mentioned in the first part of the experiment to avoid them 
paying too much attention to the sound. The virtual experience was rated as immersive and 
realistic by the participants. The pleasantness of crossing the bridge for each participant was 
surveyed during this virtual walk. 
A statistically significant effect of the sound environment on the overall appreciation was 
found even when attention is not focussed on hearing. In general, the pleasantness increases 
with traffic noise level reduction, but the visual design has a stronger impact. By mentioning 
the soundscape while introducing the evaluation, slightly lower (but statistically significantly 
different) pleasantness ratings were obtained. Instead of increasing noise barrier height, im-
proving the visual design of a lower barrier seems more effective to increase pleasantness. 
Visual designs including vegetation strongly outperform others.  
  These results underline the importance of both the sound and visual environment to con-
tribute to a good quality urban public space. They are also useful for architects to design urban 
places that can be perceived as pleasant even under rather noisy circumstances. The lack of 
consideration of sound has the risk of generating low quality and inefficient urban interven-
tions. 
 
Chapter 3: Personal factors.  
People´s perception can be very diverse due to personal factors; the perception of the ur-
ban environment and the sound environment is not an exception. Considering the personal 
differences can be meaningful in the design of future urban public places, especially in those 
areas frequented by a certain type of user. From this point of view, architects could provide 
an urban place for every taste. 
In this research, a further analysis of the experiment from the previous chapter was con-
ducted. The differences between people were explored with the aim to find personal factors 
influencing the perception of the urban environment. For that, the same participants per-
formed an audio-visual attention test and answered a questionnaire to assess their noise sen-
sitivity. The analysis of the looking behaviour during the virtual walk was compared to the 
results of the attention tests and the noise sensitivity assessment. 
Significantly different pleasantness ratings were observed for people with different atten-
tive abilities for a scenario with an unpleasantly rated visual and shielded traffic noise. The 
auditory dominant participants rated the experience more pleasantly than the visually domi-
nant. These two groups also showed a remarkably different looking behaviour when walking 
over the bridge: the auditory participants turned the head to look directly at the source and 
during a longer time than the ones that were visually dominant. These results showed a sta-
tistically significant difference. No statistical significance was found for other personal factors 
such as age, gender, or sensitivity to noise.  
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The most important contribution of this part of the dissertation is the finding of the im-
portant difference between auditory and visually dominant people, strongly affecting their 
appreciation of the urban environment. 
This dissertation culminates in Chapter 4, with the implementation of the research within 
the urban sound planning context. It represents the key to conciliate traffic with liveability, 
transferring the outcome of the research into urban solutions and architectural guidelines that 
architects and urban planners could directly apply to reduce noise and improve the sound 
environment. Additionally, the implementation of Urban Sound Planning within a future urban 
concept like the smart cities is discussed. It could represent an essential part of the future of 
urbanism. 
This dissertation intends to help to raise the awareness of architects and urban planners 
and could be used for a renewed concept of urbanism so that the traffic noise and the livea-
bility can be conciliated. In view of the research I conducted in this PhD and my formal training 
in architecture, I strongly believe that it is time for urban planning to start dealing also with 




Blootstelling aan verkeerslawaai is tegenwoordig een van de belangrijkste 
milieuproblemen in steden. Bovendien veroorzaakt het hoge economische en medische 
kosten alsook een daling in de levenskwaliteit van de stadsbewoner. 
Ondanks het grote belang van deze geluidsproblematiek, worden omgevingsgeluiden vaak 
genegeerd door stadsplanners en architecten. Ze houden zich vooral bezig met hoe steden en 
gebouwen eruit zien en geven nauwelijks aandacht aan de geluidsaspecten. 
Stedenbouw/stadsplanning kan worden omschreven als de kunst om grote ruimtes te 
creëren. De ruimtes die we bewonen gaan steeds gepaard met onderscheidende geluiden die 
ons onbewust beïnvloeden. Daarom moeten stedelijke openbare ruimten ook een betere 
geluidskwaliteit krijgen. Momenteel is de kennis omtrent het creëren van een kwalitatieve 
geluidsomgeving in de publieke ruimte eerder beperkt bij architecten en 
stedenbouwkundigen. Daarom is dit een onderwerp dat verder onderzoek verdient. 
Dit proefschrift draagt, vanuit een holistisch oogpunt, bij aan het overbruggen van deze 
kenniskloof. Verschillende mogelijke benaderingen worden uitgesplitst in drie hoofdstukken. 
Allereerst wordt getracht om inzicht te verwerven in de relatie tussen de stedelijke geometrie 
en de geluidsruimte, met als doel de kwaliteit van de stedelijke openbare ruimte te verbeteren 
door een beperking van de blootstelling aan wegverkeersgeluid (Hoofdstuk 1). Ten tweede 
ontdekken we de invloed van de humane multisensorische perceptie op de waardering van 
de kwaliteit van de stedelijke openbare ruimte. Zowel visuele en akoestische parameters 
worden onderzocht om de publieke openbare ruimte aangenaam te maken (hoofdstuk 2). Ten 
slotte wordt ook de subjectiviteit van de menselijke perceptie in rekening gebracht, met als 
doel het begrijpen van de interpersoonlijke verschillen (Hoofdstuk 3). 
 
Hoofdstuk 1: Beperken van verkeersgeluidsblootstelling in straten door architectonisch 
ontwerp. 
Het beperken van lawaai door wegverkeer is tegenwoordig een van de belangrijkste 
uitdagingen m.b.t. het stedelijk milieu. Architecten en stedenbouwkundigen nemen veelal 
beslissingen over stedelijke voorschriften die de vorm van straten en gebouwen vastleggen 
zonder rekening te houden met dit aspect. Bovendien is er weinig informatie over de invloed 
van de stedelijke geometrie op de blootstelling van verkeerslawaai in straten. 
Dit hoofdstuk focust uitsluitend op geluidsdrukniveaus. Het doel is om het verkeersgeluid 
te verminderen door de vorm van een straat aan te passen. In dit onderzoek wordt het effect 
van ‘street-canyon’-ontwerp op geluidsdrukniveaudistributie numeriek in detail bestudeerd 
met de full-wave eindige-differenties in-het-tijdsdomeinmethode (FDTD). De CNOSSOS 
 
xxii 
equivalente bronvermogensspectra werden gebruikt om wegverkeerslawaaibronnen op twee 
rijstroken te benaderen. Ontvangers zowel langs de gevels als op de trottoirs werden 
geëvalueerd in meer dan 70 geometrische varianten. 
 
De algemene vorm van de gebouwen, het ontwerp van de gevels, de configuratie van de 
straat en de vorm en positie van straatmeubilair werden in detail geanalyseerd. Verschillende 
alternatieven met betrekking tot de specifieke locatie van deze elementen, hun geometrie, de 
helling van hun oppervlakken en verschillende absorberende materialen werden onderzocht. 
Uit dit onderzoek is gebleken dat straatconfiguraties een sterke invloed hebben op de 
geluidsniveaus: stedelijke elementen kunnen sterk bijdragen aan geluidsniveaubeperking 
voor voetgangers; zelfs kleine geometrische variaties op straatniveau en langs gevels kunnen 
een doeltreffend middel zijn om de blootstelling aan lawaai te verminderen. De combinatie 
van verschillende maatregelen kunnen een significante niveaubeperking opleveren. De vorm 
van het gebouw kan worden aangepast en resulteert in variaties tot 7.0 dB (A) op 
voetgangershoogte. Het ontwerp van de gebouwgevel kan het gemiddelde geluidsniveau bij 
ramen met 12.9 dB (A) verminderen. Verder werd voorspeld dat het positieve effect van lage 
schermen voor voetgangers tot 11.3 dB (A) kan oplopen.  
Dit onderzoek speelt een belangrijke rol bij de beheersing van de stedelijke 
geluidsblootstelling. Het belangrijkste resultaat van deze sectie is een praktische verzameling 
van architectonische richtlijnen om verkeersgeluid te beperken door enkel rekening te houden 
met geometrische details. Dit hoofdstuk is bijgevolg een waardevolle bijdrage om architecten 
en stedenbouwkundigen bewust te maken omtrent de akoestische impact van hun 
ontwerpen.  
 
Hoofdstuk 2: Audiovisuele perceptie. Audiovisuele interacties m.b.t. de menselijke 
perceptie zijn belangrijk, en dit aspect wordt al helemaal niet in rekening gebracht tijdens 
stedenbouwkundige ontwerpprocessen.  
Dit hoofdstuk analyseert de invloed van zowel de auditieve en visuele omgevingsperceptie, 
toegepast op een specifieke gevalstudie nl. tijdens het wandelen op een brug over een 
snelweg.  
Het doel is om het effect van visuele elementen op de waarneming van omgevingsgeluid 
te begrijpen. Zo kunnen visuele elementen geïdentificeerd worden die de geluidswaarneming 
beïnvloeden. Deze elementen kunnen vervolgens toegepast worden om de kwaliteit van de 
stedelijke ruimte te verbeteren. 
Het belangrijkste resultaat is hier een innovatieve methode die ontwikkeld werd om de 
algehele waardering van toekomstige renovatie-alternatieven in de stedelijke openbare 
ruimten te vergelijken. 
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De nieuwste Virtual Reality technologie werd gebruikt om visueel realistische modellen te 
maken. Daarnaast werd een geavanceerde virtuele geluidsscène gecreëerd met dynamische 
en driedimensionale karakteristieken.  
Vier verschillende stijlen van visueel straatontwerp en verschillende geluidschermhoogten 
in combinatie met verschillende geluidsvelden werden beoordeeld op hun aangenaamheid 
door 71 normaalhorende deelnemers, en dit op 4 afzonderlijke dagen. Deelnemers 
evalueerden elke dag alle visuele varianten met één soundscape om directe vergelijking te 
vermijden. Het hoofddoel was de ervaring van een echte wandeling te benaderen. Daarom 
werd alles wat met geluid te maken heeft niet vermeld in het eerste deel van het experiment. 
Deze virtuele ervaring werd door de deelnemers als meeslepend en realistisch beoordeeld. 
Een statistisch significant effect werd gevonden voor wat betreft de algehele evaluatie, zelfs 
wanneer de aandacht niet gericht was op het gehoor. Over het algemeen nam de 
aangenaamheid toe met een vermindering van het verkeersgeluidsniveau, maar het visuele 
ontwerp had een grotere impact. Door het geluidslandschap specifiek te vermelden tijdens 
het introduceren van het experiment werden enigszins lagere (maar statistisch significant 
andere) aangenaamheidsbeoordelingen verkregen. Het verbeteren van het visuele ontwerp 
van een lagere barrière kan bijvoorbeeld effectiever zijn om de aangenaamheid te vergroten 
dan het verhogen van de geluidsbarrière. Visuele ontwerpen die gebruik maken van vegetatie 
overtroffen alle andere varianten. 
  Deze resultaten onderstrepen het belang van zowel de akoestische als de visuele 
omgeving om bij te dragen aan een stedelijke openbare ruimte van goede kwaliteit. Ze zijn 
ook nuttig voor architecten om plaatsen te ontwerpen die zelfs bij lawaaierige 
omstandigheden toch nog als aangenaam kunnen worden ervaren.  
 
Hoofdstuk 3: Persoonlijke factoren. De perceptie van mensen kan zeer divers zijn ten 
gevolge van persoonlijke factoren. Dit geldt ook voor de stedelijke omgeving. Rekening 
houden met persoonlijke verschillen kan zinvol zijn bij het ontwerp van toekomstige stedelijke 
openbare zones, en dan vooral wanneer plaatsen door een bepaald type gebruiker worden 
bezocht. Vanuit dit oogpunt kunnen architecten stedelijke zones ontwerpen naar ieders 
smaak. 
In dit onderdeel werd een verdere analyse gemaakt van het experiment uit het vorige 
hoofdstuk. De verschillen tussen mensen werden onderzocht om persoonlijke factoren te 
vinden die de perceptie van de stedelijke omgeving beïnvloeden. Daarvoor hebben dezelfde 
deelnemers een audiovisuele aandachtstest uitgevoerd en een korte vragenlijst beantwoord 
om hun geluidsgevoeligheid te beoordelen. De analyse van het kijkgedrag tijdens de virtuele 
wandeling werd vergeleken met de resultaten van de tests en de beoordeling van de 
geluidsgevoeligheid. 
Mensen met een verschillend soort aandachtsgedrag gaven significant verschillende 
aangenaamheidsbeoordelingen. Deelnemers hebben ofwel een sterke visuele focus ofwel een 
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sterke auditieve aandacht. Vooral in een visueel onaangename setting, echter sterk 
afgeschermd door verkeerslawaai, evalueerden deelnemers met een uitgesproken auditieve 
focus de omgeving als aangenamer i.t.t. deelnemers die visueel gemakkelijk worden afgeleid. 
Deze twee groepen vertonen een opmerkelijk verschillend kijkgedrag bij het lopen over de 
brug: de auditieve deelnemers draaiden het hoofd gedurende een langere tijd naar de bron in 
vergelijking met de personen met een grotere visuele aandacht. Deze resultaten zijn 
statistisch significant. Er werd geen statistische significantie gevonden voor andere 
persoonlijke factoren zoals leeftijd, geslacht of gevoeligheid voor lawaai. 
De belangrijkste bijdrage van dit deel van het proefschrift is de opsplitsing tussen auditief 
en visueel gedomineerde personen, wat een grote impact heeft op hun waardering van de 
stedelijke omgeving. 
Deze bevindingen komen samen in het vierde hoofdstuk. Het vormt de sleutel om verkeer 
te verzoenen met leefbaarheid en laat toe om het onderzoek te bundelen in een reeks 
richtlijnen voor architecten en stedenbouwkundigen. Planners kunnen op deze manier de 
geluidsbelasting verminderen en de kwaliteit van het geluidklimaat verbeteren. 
Daarnaast wordt de implementatie van Urban Sound Planning in de context van ‘slimme 
steden’ besproken. Het zou een essentieel onderdeel kunnen zijn in de toekomstvisie op de 
verstedelijkte maatschappij. 
Dit proefschrift heeft als doel om het bewustzijn van architecten en stedenbouwkundigen 
te verhogen voor omgevingsgeluid. Dit kan leiden tot een vernieuwd begrip in de stedenbouw. 
Met de resultaten van dit onderzoek en mijn opleiding als architect ben ik ervan overtuigd dat 
in stedelijke planning ook geluid in rekening moet worden gebracht. We moeten steden niet 
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Introduction. Urban Sound Planning.              
The future of Noise Control 
1. The problem of noise 
Sounds are an essential part of the world. Through sound, organisms from all walks of life 
can communicate, such as through music. Music has the capacity to elevate people’s mood, 
which is why the Italian composer Ferruccio Busoni defined music as the “Sonorus Air” (Ha-
bron, 2015); but also through quietness people restore mentally (Öhrström, Skånberg, Svens-
son, & Gidlöf-Gunnarsson, 2006) in a world that can sometimes be so overloaded with noise 
(i.e. unwanted sound). A sense of tranquillity is achieved with a combination of landscape and 
soundscape elements (Hunter et al., 2010; Pheasant, Horoshenkov, Watts, & Barrett, 2008; 
Pheasant, Watts & Horoshenkov, 2009). When considering the way sounds affect people in 
urban environments, researchers and planners are naturally concerned. The health effects of 
prolonged exposure to noise (road, railway, aircraft, recreation, etc.) at home have been 
proven to cause sleep disturbance, annoyance, and can increase the risk for cardiovascular 
diseases (WHO, 2009; WHO, 2011). Furthermore, the cacophony of urban life can cause stress, 
hypertension, vasoconstrictions, and hearing and cognitive impairment, particularly in chil-
dren. According to the recent Environment European Agency briefing (EEA, 2017), noise ex-
posure remains one of the major forms of pollution as at least 100 million people in the EU 
are still exposed to levels of traffic noise that exceed the limits of noise annoyance and sleep 
disturbance (55 dB Lden and 50 dB Lnight) (EEA Report No 10/2014, 2014; WHO, 2009). This 
implies that one fifth of the Europeans are regularly exposed to excessive sound levels at night. 
Traffic noise alone is damaging the health of almost each third person in the WHO European 
area and the social costs exceed 40 billion euros each year. 
Worldwide, cities are expanding at an unprecedented rate, resulting in new housing and 
infrastructure demands. In 2050, the number of Mega (more than 10 million inhabitants) and 
Meta cities (more than 20 million inhabitants) is expected to grow and 66% of the World pop-
ulation will be living in an urbanised area (Siemens, 2013; United Nations, 2014). The expan-
sion of the infrastructure network (road, rail, and air) to support the growth will result in in-
evitable impacts in terms of air and noise pollution, which will consequently further decrease 
the health and quality of life of the inhabitants. In Europe, for example, efforts to alleviate this 
tendency and support cities (politicians, public sectors, and other agencies) in implementing 
strategies to address the growing health and sustainability demands are developed by net-




2009). According to this network, a healthy city offers “a physical and built environment that 
supports health, recreation and well-being, safety, social interaction, easy mobility, and a 
sense of pride and cultural identity, which is accessible to the needs of all its citizens”; there-
fore, advocating healthy urban planning, and integrating health considerations in the urban 
planning processes. A well-designed sonic environment can support and enhance most of 
these services: it can stimulate mental restoration and physical activity thereby improving ur-
ban public health; it can increase the feeling of subjective safety and stimulate social interac-
tions; and certainly, it can enhance the cultural experience and provide identity-forming sound 
marks. 
2. The limited efficiency of legislation 
The Environmental Noise Directive (Directive 2002/49/EC, 2002) is one of the main legisla-
tive instruments in Europe to control noise pollution, and yet despite all efforts that have been 
made in the last few decades at both the European and national levels, noise annoyance has 
not decreased. On the contrary, it has in fact even increased due to aircraft noise (Janssen, 
Vos, Van Kempen, Breugelmans, & Miedema, 2011). Furthermore, some studies conclude that 
the percentage of annoyed people is potentially underrated (Gille, Marquis-Favre, & Morel, 
2016). These unsatisfactory results could all be related to the approach, followed by all actors 
involved in the urban planning process, to treat noise as a waste and apply typical environ-
mental engineering and policy responses to reduce it. Although such an approach may be de-
fended when it comes to protecting people in their private dwellings (e.g. to assure good sleep 
quality), which requires preventing any loud uncontrollable sound to enter the building, it 
completely fails when the urban public space is concerned. Moreover, reducing noise levels is 
practically the sole action taken nowadays when dealing with noise pollution. However, noise 
is not the only factor influencing people’s environmental perception. Similarly, sound quality 
is not only related to low sound levels. It might seem contradictory, but there exist noisy urban 
places that are perceived as pleasant. The most exciting cities in the world such as New York, 
London, or Barcelona are not precisely quiet cities. Studies like (Guedes, Bertoli, & Zannin, 
2011; Brambilla, Gallo, & Zambon, 2013), where a survey of three parks was performed in 
Rome, revealed that the park that was rated most pleasant also had the highest overall noise 
level. This demonstrates that an urban sonic environment does not necessarily need to have 
low noise levels but should, on the contrary, be perceived as of high quality. The physical ap-
proach of sound in urban open public spaces seems to be incomplete (Yang, & Kang, 2005a). 
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3. Sound perception 
Noise annoyance is one of the outcomes of exposure to noise that depends on people’s 
perception (Guski, Felscher-Suhr, & Schuemer, 1999). The definition of noise corroborates this 
idea including the concept of human perception: noise is unwanted sound judged to be un-
pleasant, loud, or disruptive to hearing (Wikipedia). Indeed, noise is physically indistinguisha-
ble from sound and unwanted sound only makes sense when people’s perception is consid-
ered. Consequently, reducing noise is an incomplete approach when the perceived quality of 
the urban environment is ignored. Making the sound more pleasant would not only reduce 
noise annoyance but it could also enhance the quality of the sound environment contributing 
to a pleasant sound experience (You, Lee, & Jeon, 2010). 
The multisensorial characteristic of human perception is another factor that should be con-
sidered. This has been widely applied for commercial purposes, to improve the perceived qual-
ity of computer graphics and realistic rendering (Mastoropoulou, Debattista, Chalmers, & 
Troscianko, 2005), and even in restaurants using the sonic environment to modify the taste of 
food (Crisinel et al., 2012). The multisensory aspect of human perception has also been stud-
ied in the perceived quality of urban public space.  
Sound perception has a subjective character difficult to assess and it is dependent on the 
rest of the senses. Especially the sense of vision is strongly related to the auditory sense. 
The auditory perception can improve when some visual cues are present (Broadbent, 1958; 
Jeon, Lee, Hong, & Cabrera, 2011; Hong & Jeon, 2013; Viollon, Lavandier, & Drake, 2002), and 
similarly, sound can influence the perception of visual elements (Pheasant et al., 2008). There-
fore, there could be a possibility to influence the noise perception through the visual design, 
as it has already been shown for noise annoyance at home (Sun, De Coensel, Echevarria 
Sanchez, Van Renterghem, & Botteldooren, 2018). What is still unknown is to what degree 
both the auditory and visual environment contribute to the holistic experience of the urban 
space. 
4. Urban Sound Planning 
Changing the dynamics of the noise policy to urban sound design requires a new problem 
framing that focuses on people’s perception and understanding of acoustic environments (ISO 
12913, 2014). It also requires sharing the ownership of the problem from environmental agen-
cies exclusively to include urban planners, designers, architects, and acousticians, offering the 
multidisciplinary approach needed (Weber, 2013). This was the topic of a recent European 
project, SONORUS- Urban Sound Planning. In this project, due to the complexity of sound en-




to Urban Sound Planning (e.g. acoustic planning, soundscaping, architecture, dynamic traffic 
planning, noise control, sound prediction). The final aim was to find an optimal solution co-
herent with all the perspectives considered.  
The approach was also applied to practical urban planning challenges proposed by cities 
(SONORUS consortium) (Kropp, Forssén & Estévez Mauriz, 2016). Within this project the role 
of the urban sound planner was defined as the person who can work together with the other 
actors of the urban planning process (architects, traffic planners, urban planners, urban de-
signers, civil engineers, politicians) to create well designed sound environments/cities that 
work for residents. All planning decisions may have acoustic consequences therefore, the 
“acoustic perspective” should be considered from the beginning of the planning process. An 
intervention of urban sound planning must account for the urban planner’s need to imple-
ment regulatory noise frameworks at a macroscale level, but at the same time be preoccupied 
with the end result -perception- of an intervention at a mesoscale (Steele, Luka, & Guastavino, 
2012).  
5. Personal factors 
The subjective character of sound perception is related to another factor playing a role in 
the overall appreciation of the urban environment: the personal factors. It is known that peo-
ple are different, and this difference has an influence on their decision taking, their behaviour, 
social interaction and in their general perception (Cantor, & Mischel, 1979). Taking into ac-
count these variations can be of importance in the design of the urban environment, therefore 
new personal factors influencing the assessment of the overall urban environment are sought. 
In science, the personal factors have been considered in different areas of Psychology, learn-
ing processes or Social and Behavioural Sciences for educational and healthcare purposes (Ba-
dia, Orgaz, Verdugo, Ullán, & Martínez, 2011). The environment is a factor closely related to 
the personal factors (Neufeld et al., 2006). In the early nineteen hundreds, behaviourists ar-
gued that behaviour could be explained, predicted, and modified if the mechanisms underly-
ing environmental influences were known. They also discovered that the environment can 
affect behaviour (Conyne & Clack, 1981). 
Researchers have studied personal factors such as self-esteem, cognitive ability, or prob-
lem-solving skills in relation with the environment, being a bidirectional model with reciprocal 
feedback (Conkite, Moos, & Finney, 1984; Moos, 1991). The interaction Person-Environment 
has been deeply studied and considered a relevant factor in people’s behaviour (Lazarus, 
1978). Later, Holland (Holland, 1997) proposed the theory that behaviour depends on the con-
gruence between a person and the psychological environment. He defended that people enter 
an environment because their personality fits the setting, finding those environments rein-
forcing and satisfying. If there is no congruence between person and environment, the person 
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is more likely to change the setting (Robitschek & Woodson, 2006). From this theory one can 
conclude an ideal environment must exist for each type of person.  
Different people react differently to a certain environment, which at the same time can 
influence their personal behaviour. In the context that concerns us, the individuals are living 
in an urban environment which can be perceived as pleasant or unpleasant also depending on 
their form of attention and their activities (Meng & Kang, 2016; Minoura, Driesprong, Profijt, 
McGee & Andriga, 2015). The way the soundscape is understood depends also on the 
knowledge of the context (Krijnders, Niessen & Andringa, 2010). This explains why an urban 
public space where social festivities are celebrated is not perceived as noisy by the people 
enjoying the celebration, whereas it might be annoying for somebody who tries to communi-
cate through their smartphone or for a neighbour who tries to sleep at their home. Most of 
the urban places are not as extreme as a festival concert, but they also can cause diverse ef-
fects in different people given different contexts. 
There is very little known about which personal factors play role in the perception of the 
urban environment. Age is a commonly investigated demographic factor together with gender 
or nationality. Children have shown different reactions in multisensory stimuli than adults (Ba-
rutchu et al, 2010). Urban design takes already into account the age factor in the areas ad-
dressed to children or elderly people. Playgrounds are indeed very different from the retire-
ment areas. Understanding the personal differences can help to create a pleasant urban envi-
ronment for all the users regardless their particular differences. Enhancing the quality of their 
perceived soundscape can help to achieve this aim. 
6. Content and objectives 
This dissertation represents a reflection on the urban sound planning challenge that goes 
beyond the classical noise control with the aim to conciliate traffic with urban liveability. A 
holistic approach addressing all environmental sounds - both positive and negative - is applied, 
and other factors such as perception, context, use, and users of the space are considered. 
Specifically, the present dissertation studies in-depth three important aspects of urban sound 
design: noise control, sound perception and personal factors. They are presented respectively 
in the first 3 chapters. 
In Chapter 1, the traditional target of noise control is applied for an urban street canyon by 
means of architecture design trying to find the optimal geometry to achieve the minimum 
exposure in particular areas. The building façades and the elements present on the street 
make up the setting where sound propagates, affecting the distribution of traffic noise in the 
street in a similar way the properties of walls in an interior space affect the sound quality of 




the reverberation and thus sound pressure levels. However, this fact is systematically not con-
sidered in the urban planning practice.  
The objective was to understand in detail the effects of small geometric changes in the 
different elements of the street and investigate how the traffic noise levels could be reduced 
only through the street geometry design, without intervening in the traffic sound sources (the 
sound power levels are constant). The intent is to obtain the lowest noise levels particularly 
in the areas were people are present and in this way the sound energy could be optimally 
redistributed. In this research there are two main areas to protect: the sidewalks for pedestri-
ans and the buildings where residents live.  
Decreasing the noise levels in the city is an important achievement but noise levels cannot 
be directly translated to perception of noise. As an example, a reduction of 3 dB represents 
half of the acoustic energy, but persons can hardly notice the difference between 73 and 70 
dB. Therefore, the importance of the findings in Chapter 1 is relative when human perception 
is taken in consideration. In Chapter 2, the perceptual aspect is analysed. The purpose is to 
improve the perceived quality of public space in a holistic approach and exploring the contri-
bution of sound. This contrasts to focusing exclusively on reducing noise levels as in the pre-
vious chapter. The uniqueness of this approach lies in the exploration of the overall apprecia-
tion of the urban environment and not only the sound environment. Clearly, this concept is 
more complex since it considers not only the subjective aspect of human perception but also 
its multisensorial nature and in particular the mutual influence of visual and auditory senses. 
To assess this complexity, an experiment using Virtual Reality was carefully performed where 
participants could walk in the virtual urban environments and express their judgments. In this 
section, the importance of the acoustic environment to achieve a good quality urban space 
will be assessed and the positive or negative contribution of each visual and auditory element 
in the urban scene will be studied too. 
Perception is very complex to evaluate since it can greatly vary from one person to another. 
This variety is due to the personal differences in people and it implies that it is an important 
aspect to consider. Chapter 3 is a continuation of the analysis of the experiment described in 
the previous chapter. Here, the differences between participants are explored to find personal 
factors that affect the perception of the urban environment. The looking behaviour and the 
audio-visual environment were considered. For that, participants were classified according to 
different personal aspects and their ratings were assessed.  
Finally, in Chapter 4, the conclusions of the present research are applied within the Urban 
sound planning context considering also the outcomes of other recent studies. In this chapter, 
a useful guide for the professional practice of the Urban Sound planner is presented, providing 
tips, instructions, and tools to apply during the urban planning procedure. This chapter will 
also show how the city of the future and smart cities could consider acoustics implementing 
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technological solutions for a high-quality urban sound environment, noise prevention and pro-
tection measures. It shows foresight into what the city of the future could be, and in particular 






Chapter 1 Reducing traffic noise in street canyon 
by architectural design 
 
The present chapter is divided in three main sections. The first corresponds to the journal paper “The 
effect of street canyon design on traffic noise exposure along roads” (Gemma Maria Echevarria 
Sanchez, Timothy Van Renterghem, & Dick Botteldooren. Published in 2015 in Building and Environ-
ment, 97, 96–110). Here, the effect of 42 canyon shapes on sound propagation are studied in detail. 
The second section incorporates additional significant cases not considered in the mentioned publi-
cation where the effect of absorption is included.  
In the third section, an open configuration consisting in a road crossing an urban park is analysed as 
a case study. Part of this information has been published in the book “Urban Sound Planning – the 
SONORUS Project.” (Estévez Mauriz, L., Alves, S., Aletta, F., Puyana Romero, V., Echevarria Sanchez, 
G.M., Rietdijk, F., Pagán Muñoz, R., Georgiou, F., Zachos, G., & Margaritis, E. (2016). W. Kropp, J. 
Forssén, L. Estévez Mauriz (Ed.). 1st ed. Gothenburg: Chalmers University of Technology. ISBN: 
9789163918599). 
1 The effect of street canyon design on traffic noise expo-
sure along roads. 
Published paper: Echevarria Sanchez, G. M., Van Renterghem, T., & Botteldooren, D. (2015). The 






Road traffic noise problems are typically approached with corrective methods a posteriori. 
Besides traffic management (e.g. changing vehicle speed, traffic intensity or traffic composi-
tion), the application of perishable absorbing pavements and the insertion of unsightly noise 
barriers, generating visual disconnection in space, are common but unattractive solutions in 
the urban environment. On the other hand, increasing façade and window sound insulation is 
only part of the solution as dwellers open windows, while pedestrians in noisy streets will not 
benefit from this measure.  
Nowadays, architects and city planners take decisions on the urban configuration without 
taking street acoustics into account. Furthermore, there is little knowledge on the architec-
tonic approaches and façade alterations that could reduce noise levels along streets. In this 
work, it is studied how street design affects directly exposed persons like pedestrians and in-
cident sound on windows facing the street. 
In an urban street canyon, there are two mechanisms that can be exploited to reduce the 
overall sound pressure level: promoting diffusion in order to scatter sound towards the sky 
and thus leaving the street canyon, and increasing absorption leading to effective loss in 
acoustic energy. At specific locations sound can in addition be shielded provided that no re-
flecting or scattering elements provide secondary paths into the shadow zone.  
The effect of the multiple reflections and the importance of scattering in the urban envi-
ronment was first assessed by Lyon (Lyon, 1974). Many studies approach the effect of façade 
irregularities and thus analyse sound diffusion in streets (J. Picaut & Simon, 2001; Ismail & 
Oldham, 2005; Onaga & Rindel, 2007; Judicaël Picaut & Scouarnec, 2009). Heutschi (K. 
Heutschi, 1995) compiled look-up tables to evaluate the increase of road traffic noise level 
due to buildings for a long straight street including gaps, taking into account the height of 
façades, the width of the gorge, the absorption coefficient of façades and the degree of diffu-
sion.  
Absorption is an effective means to reduce overall noise levels in a reverberant space like 
a street. Different studies looked at absorbing (and diffusely reflecting) materials to reduce 
the overall level along streets (Kang, 2002; Horoshenkov & Hothersall, 1999). Hothersall stud-
ied in detail the sound field near balconies along tall buildings for different absorption scenar-
ios (Hothersall, Horoshenkov & Mercy, 1996).  
Also vegetation could be used, as it provides both effective absorption and scattering of 
sound, and in addition, a pleasant urban space. Low-height noise barriers located close to the 
source could also be used to reduce traffic noise in urban streets to shield pedestrians or fa-
çades (Horoshenkov, Hothersall & Mercy, 1999; Ding, Van Renterghem, & Botteldooren, 
2011). The introduction of low-height noise barriers covered by vegetated wall substrate 
placed close to the source or receiver is discussed in Ref. (Timothy Van Renterghem et al., 
2015). Absorption on such low-height noise barriers was found to be essential to have positive 
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effects for pedestrians. Vertical greenery systems at building walls are acoustically analysed 
in (Wong, Kwang Tan, Tan, Chiang, & Wong, 2010) showing high absorption, compared with 
other building materials. A combination of different green elements is explored in (Timothy 
Van Renterghem, Hornikx, Forssén, & Botteldooren, 2013) where wall vegetation systems, 
green roofs and vegetated low screens at roof edges were studied while combining different 
full-wave numerical methods. The influence of building and roof design on non-directly ex-
posed façades has been studied in detail in (Maarten Hornikx, Forssén, & Kropp, 2005; T. Van 
Renterghem, Salomons, & Botteldooren, 2006; M. Hornikx & Forssén, 2009; T. Van Renter-
ghem & Botteldooren, 2010; Timothy Van Renterghem et al., 2013), given the importance of 
quiet façades in the urban environment (Öhrström, Skånberg, Svensson, & Gidlöf-Gunnarsson, 
2006; Timothy Van Renterghem & Botteldooren, 2012). The study of different roof shapes on 
sound propagation (T. Van Renterghem & Botteldooren, 2010) brings interesting conclusions 
to achieve quiet façades through architectural design. A green roof was shown to strongly 
decrease the shielded façade noise load caused by nearby road traffic (Timothy Van Renter-
ghem & Botteldooren, 2009).  
Balconies are strongly diffusing elements in a street, and their presence and shape have 
been studied before. El Diem predicted the sound field along high-rise building façades as in-
fluenced by the parapet form and balcony depth, giving interesting conclusions that could be 
taken into account by architects (Hossam El Dien & Woloszyn, 2004; El Dien & Woloszyn, 
2005). Naish assessed nine balcony types to provide guidance on optimised acoustic treat-
ment (Naish, Tan, & Demirbilek, 2014). Janczur assessed the recess of façades and building 
position to reduce noise levels (Janczur, Walerian, & Czechowicz, 2011). 
The main objective of this research is to provide a systematic overview of a number of 
architectonic solutions and the detection of influential design elements in a typical urban can-
yon. The reduction in noise exposure for people living and walking next to roads is of primary 
concern in this work. In total, 23 different cases of façade geometries are numerically studied 
and 19 cases of street geometry. Both sound pressure level reductions at pedestrians and 
along windows facing the street are compared. 
 
1.2 Methodology 
1.2.1 Sound propagation model 
The influence of urban canyon design is assessed through the pressure-velocity finite-dif-
ference time-domain (FDTD) method (Botteldooren, 1995). This numerical technique solves 
the sound propagation equations directly in the time-domain. The efficient staggered-in-




Rigid surfaces like the street are modelled by setting the normal component of the particle 
velocity to zero. For the façades, a frequency-independent real-valued surface impedance is 
employed as proposed by the ISO 9613 (ISO 9613-2, 1996). The interaction between sound 
waves and vegetation substrate is modelled by a rigid-porous frame model (Reethof, McDan-
iel, & Heisler, 1977). Parameter fitting on substrate measurements in an impedance tube has 
been discussed earlier in Ref. (Timothy Van Renterghem et al., 2013) and the same parameters 
were used in this study. Perfectly matched layers are used as perfectly absorbing boundaries 
to truncate the infinite propagation domain (i.e. the sky) to a finite simulation domain. The 
calculations are limited to two dimensions to prevent excessive computational cost. A point 
source in such a simulation environment represents a coherent line source assuming a con-
stant street canyon cross-section in the third dimension. Experimental validation of the sound 
propagation model in urban streets is provided in the Methodology section (1.2.6.) 
1.2.2 Street geometry 
The cases calculated present different detailed geometries derived from a basic canyon 
section with a 20-m street width and a 25.6-m building height (8 floors) as shown in Fig. 1.1. 
The configurations are symmetrical relative to the centre of the street. 
 
Fig.1.1: Cross-section of the basic canyon. The street use distribution is marked with architectural dimensions 
and the position of receiver lines are indicated. 
 
Two road traffic lanes are modelled forming a 7-m wide road 0.2m below the sidewalks. 
Sources are positioned at 1.5m distance from the centre and 0.05m above street level. The 
street use is also symmetric in the following order (from the centre): 3.5m for each lane, 2m 
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bike lane and 4.5m pedestrian sidewalk. The body of the car is not modelled. A horizontal line 
of receivers, separated each 0.06m, is positioned along the street width at pedestrian ear 
height (1.5m). Vertical lines of receivers are distributed along the façade at 0.01m distance 
(pressure values are calculated in the centres of the cells). 
42 different cases have been studied and are arranged in sequence groups and classified in 




Fig. 1.2: Elements analysed in sequences and cases considered in this study. a) Façade sequences: F1-General 
building shape. F2-Setback of the lower storeys. F3-Balcony geometry. F4-Triangular prominences on façade. 
F5-Shielded inclined windows. (b) Street sequences: S1-Low barrier shape. S2-Green absorption on a vertical 
low barrier. S3-Depressed road. S4-Two level street. 
 
 
The window heights are 1.5m and are recessed by 0.2m relative to the face of the façade. 




balcony. The position of low barriers on the sidewalks edge is at 3.5m from the centre of the 
canyon except in depressed roads with inclined walls cases (S5.4 and S5.5) where barriers are 
placed at 4.5m from the centre and in the two level street with inclined walls cases (S6.4 and 
S6.5) placed at 4.7m from the centre. Geometries of additional elements are defined for each 
sequence in the next Table 1.1 
 
Table 1.1. Dimensional details of elements analysed. 
FAÇADE SEQUENCES 
Element Cases dim x (m) dim y (m) Other parameters 
Vertical building F1.1 13.3 25.6 _  
Inclined building F1.2-F1.3 _ _ inclination: 10 
Stepped building F1.4-F1.5 _ _ step dim: 0.56 
Curved building F1.6-F1.7 _ _ radius of curv.: 24.64 
  height (floors) depth (m)   
Setback F2.1 GF 3 _ 
Setback F2.2 GF 5 _ 
Setback F2.3 GF+1stFloor 3 _ 
Setback F2.4 GF+1stFloor 5 _ 
  dim x (m) dim y (m) inclination 
balcony F3.1 0.92 1.26 _ 
ledge F3.2-F3.3-F3.4-F3.5 _ _ 19 
ceiling F3.3-F3.5 _ _ 19 
ceiling absorption F3.4-F3.5 1.32 0.32 _ 
  dim x (m) dim y (m) vertex position 
triangular prominence F4.1 1.67 0.6 middle 
triangular prominence F4.2 1.67 0.9 middle 
triangular prominence F4.3 1.67 1.2 middle 
triangular prominence F4.4 1.67 1.2 down 
triangular prominence F4.5 1.67 1.2 up 
  dim x (m) dim y (m) window dimension 
shielded inclined window F5.1 1.6 1.4 2 
shielded inclined window F5.2 0.74 1.2 1.47 
      
STREET SEQUENCES 
Element Cases dim x (m) dim y (m) inclination  
Vertical low barrier S1.2-S2-S3.2-S4.2-S4.4 0.3 1.1 0 
Inclined low barrier 1 S1.3-S3.3-S3.5 0.3-0.8 1.1 30 
Inclined low barrier 2 S4.3-S4.5 0.3-0.72 1.1 20 
Inclined retaining wall S4.4-S4.5 0.3-1.44 2 30 
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1.2.3 Simulation parameters 
A spatial discretisation step of 0.02m is employed (square cells), allowing to perform accu-
rate calculations up to a sound frequency of 1700Hz assuming that 10 computational cells per 
wavelength are sufficient for accuracy reasons (with a speed of sound of 340m/s). The tem-
poral discretisation is 20µs leading to a Courant number of 1 in the current simulation setup; 
this choice minimizes phase errors, guarantees numerical stability and minimum computing 
time (Botteldooren, 1995). A Gaussian pulse is emitted with a centre frequency of 850Hz and 
a time delay of 0.004s. Each simulation took 30 000 time steps, meaning 0.6s real propagation 
time in the street canyon. This corresponds to 20 reflections at façades. Ground and roads are 
assigned a perfectly reflective material. Bricks along façades and additional elements are mod-
elled by a frequency-independent impedance of 4080kg.s.m-2 following ISO 9613-2 (Standard, 
1996) and glazings with 31416kg.s.m-2 (Griffin et al., 2009). A detailed description of the 
green-wall substrate properties can be found in Ref. (Van Renterghem, Hornikx, Forssén, & 
Botteldooren, 2013). 
 
1.2.4 Road traffic source model 
Immission levels are calculated using the CNOSSOS Equivalent source model 
(Kephalopoulos, Paviotti, & Anfosso-Ledee, 2012). Equivalent power spectra at 0.05m height 
were used to approach road traffic noise sources along the traffic lanes. Category 1 (Light 
motor vehicles) at a speed of 50km/h was considered. Traffic intensity is of no interest in the 
current study as absolute levels are of no concern. Sound frequencies higher than 1.7 kHz have 
been neglected given the interest in low-speed road traffic in urban street canyons. Their con-
tribution to total A-weighted levels are limited. 
 
1.2.5 Sound pressure level calculation and spatial averaging at receivers  
The FDTD method provides the time history of the acoustic pressure following a sound 
pulse propagation excited at the source position. In a next step, the acoustical energy is 
grouped in octave bands and expressed relative to free field, sound propagation (relSPL) to 
work independent of the synthetic source used in the numerical technique.  
The immission levels (Lp) are calculated per octave band (up to the one with central fre-
quency 1 kHz) using the CNOSSOS Equivalent source model (Lw) as indicated in (1), where Aff 
is the attenuation that would be observed in free field.    
(1)                                          𝐿𝑝 = 𝐿𝑤 + 𝑟𝑒𝑙𝑆𝑃𝐿 − 𝐴𝑓𝑓    
Atmospheric absorption has not been considered given the dominance of low sound fre-
quencies in urban low-speed road traffic sound. Total sound pressure levels are A-weighted 




specified at each window whereas the median value within 4.5m next to both façades is cal-
culated to assess the impact on pedestrians.  
 
1.2.6 Experimental validation 
Although the FDTD method has been validated with measurements in a wide range of ap-
plications, including outdoor sound propagation (Blumrich & Heimann, 2002; Liu & Albert, 
2006), this section presents an explicit validation for its suitability in urban street canyons, 
including the choice of model detail and building material characteristics. Street reverberation 
measurements, conducted in 99 streets (Thomas, Van Renterghem, De Boeck, Dragonetti, & 
Botteldooren, 2013) in the city of Ghent, Belgium, were used for the validation. The measure-
ment setup was mounted on the roof of a car and consisted in an omnidirectional dodecahe-
dron loudspeaker and two free field microphones placed at 2.48m distance from the source 
at either side (see Fig. 1.3).  
To focus the analysis on the effect of the street canyon and its geometry, the reflection 
ratio (RR) is used. RR is defined as the ratio (in dB) of the energy contained in the reverberation 
part of the sound field relative to the direct field (Thomas et al., 2013). To estimate the lower 
detection limit of RR values with the experimental setup, measurements were done in an open 
field without reflecting surfaces except for the soil and the body of the car (Thomas et al., 
2013). 
Following the analysis by Thomas et al. (2013), it was shown that the width of the street is 
the major geometrical factor affecting RR. 
The sound field in 13 streets was modelled with FDTD with different widths using the same 
façade profile as elsewhere in this paper. The building height was chosen to be at the maxi-
mum value as observed in the measurement database (16.3m); the building height was shown 
to have a minor influence only (Thomas et al., 2013). To calculate RR, the energy of the 
reverberant field is obtained by subtracting the direct sound and the first reflection on the 
ground from the modelled time signal. 
In this paper, FDTD calculations were performed in 2D cross sections of the streets. Hence, 
source and receiver need to be located in the same cross section (see Fig. 1.3). The choice of 
the receiver location in this validation exercise is a compromise between avoiding being too 
close to the source and avoiding being too close to the façade. The latter is particularly im-
portant because standing waves close to the façade may cause strong interferences. A dis-
tance relative to the source of 2m was deemed to be suited in this respect. As this distance 
differs from the 2.48m between source and microphone in the experiment, the decrease of 
the direct sound field with distance was calibrated out. This small difference in location is not 
expected to significantly affect the reverberant sound field. Note that the results discussed in 
the later Sections will always consider averages over broader frequency ranges and over many 
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Fig. 1.3: Source (S) and receiver (R) position in a) measurement setup (Thomas et al., 2013) (plan view and 
side view), b) 2D-FDTD simulation (cross section). 
 
Another important consequence of using 2D FDTD in street cross sections is that the sound 
source modelled is a line source. In the validation experiment, however, the loudspeaker is 
not moving during the measurement and approximates a point source. The difference be-
tween the propagation from a line source in 2D and a point source in 3D, is that the energy 
decays with distance as 1/d and 1/d2 respectively. A transformation from 2D to 3D should 
therefore be applied. As it is difficult to estimate the distance travelled by every wave reaching 
the receiver after multiple reflections in the canyon, Heutschi (2009) suggested a transfor-
mation consisting of multiplying the time signal with 1/√(c*t) where c is the sound speed and 
t the time. In this approach the time travelled by the wave is assumed proportional to the 
distance travelled.   
Fig. 1.4 shows that the measured RR can be well predicted with the 2D-FDTD method over 
the full range of measured street widths. For the 125Hz and 250Hz octave band the simulated 
values drop below the measured ones for the wider canyons. This is solely due to the meas-
urement setup that cannot measure RR below the horizontal curve shown in Fig. 1.4 (see 





Fig. 1.4: Predicted (red line) versus measured (blue circles (O) with error bars, where the total length equals 
two times the standard deviation from the mean value at each location) RR plotted in function of street 
width (logarithmical scale). The lower limit of the measurement setup (RR of the open field) is indicated with 
the grey horizontal lines (mean value: continuous line, mean value ±standard deviation: dashed line). 
Note that the (real-life) measurements include different façade roughnesses, façade mate-
rials or the presence of cars along the streets as additional scattering elements, all influencing 
the Reflection Ratio. The numerical RR matches the lower range of measured data which can 
be explained by a rather high absorption value assumed for bricks (however, corresponding 
to ISO 9613-2 (1996). Selecting material characteristics and façade profiling corresponding to 
this lower range prevents exaggerating the effect of the mitigation measures presented in this 
work as illustrated e.g. by (Timothy Van Renterghem et al., 2013). In streets with stronger 
reverberation, the measures proposed in this paper are expected to give a more pronounced 
effect. 
1.3 Results and discussion 
Results are presented in a number of sequences, where changes are made relative to a 
basic reference geometry (indicated as Reference). Sound pressure levels are detailed along a 
single height throughout the street canyons or along the façade. In addition, the distributions 
along sidewalks are shown as boxplots and averaged results are presented over windows, 
where the zero corresponds to the median pedestrian exposure in the reference case. Five 
sequences assess the effect of façade shape (F) and four sequences evaluate the influence of 
street configuration (S). The results are summarised in the Appendices (1.5 and 1.6).  
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1.3.1 Sequence F1: GENERAL BUILDING SHAPE 
Different general building shapes are analysed in this sequence (see Fig. 1.5a). Buildings are 
geometrically simplified and entirely assigned one material, either glass or bricks. The air vol-
ume of the street canyon is kept constant and the extent of the pedestrian zone therefore 
varies. Only the noise exposure at pedestrians is considered here in seven cases: 
 F1.1_Flat vertical. 
 F1.2_Flat downwardly inclined. 
 F1.3_Flat upwardly inclined. 
 F1.4_Downwardly stepped. 
 F1.5_Upwardly stepped. 
 F1.6_Convex. 
 F1.7_Concave.  
 
Fig. 1.5: Sequence F1_General building shape. (a) Building geometries considered in the sequence. (b) Com-
parison of noise exposure along the street width between glass buildings (left) and brick buildings (right). (c) 
Noise exposure for pedestrians and comparison between glass and brick buildings. The Sidewalk width is var-
iable in this sequence from the fixed position of ±5.5m to the building façade. 
Results demonstrate how overall façade shape can have a significant influence on noise 
levels for pedestrians. This effect is less pronounced when increasing absorption of the build-
ing materials: the maximum difference on pedestrian exposure is 7.0 dB(A) for glass façades, 
whereas for brick material the façade shape effect varies within 3 dB(A) (see Fig.1.5b). The 
strong fluctuations close to the façades are caused by interferences between incident and 
reflected sound. 
Flat façade cases (F1.1-F1.3) show very different values as the different inclination of the 
façade changes the direction of the early reflections. The flat vertical façade case (F1.1), being 




Flat downwardly inclined façades (F1.2) increase the median value with 6.1 dB(A) for glass 
material (see Fig. 1.5c) as the inclination causes a larger amount of sound energy being re-
flected towards the pedestrians. Furthermore, the effect of the façade material is pro-
nounced.  
Upwardly Flat inclined façades (F1.3) behave similarly with different absorptive materials, 
as upward inclination reflects sound directly towards the canyon opening, reducing the sensi-
tivity to the building material. Noise escapes rapidly from the canyon, avoiding long reverber-
ation.  
Stepped façade cases (F1.4-F1.5) show similar values at the same position on the street 
(see Fig. 1.5b). The downwardly stepped case (F1.4) decreases the median value with 1.8 dB(A) 
when modelling brick material relative to the reference case (F1.1) (see Fig. 1.5c). In the for-
mer, there is a larger pedestrian area further from the road, while the upwardly stepped case 
(F1.5) increases the exposure 1.0 dB(A) compared to the reference case due to the proximity 
of the road, and increases more than 3 dB(A) when modelling glass material.  
The convex façade (F1.6) shows similar median value as the reference case (F1.1), however, 
the sound pressure level increases with roughly 4 dB(A) at the same position on the street 
when assuming glass material (see Fig. 1.5b). Concave façades (F1.7) show to be most benefi-
cial for pedestrians (see Fig. 1.5c) as they reduce the median value in both materials with 
about 1.5 dB(A) compared to reference case (F1.1). 
 
1.3.2. Sequence F2: SETBACK OF THE LOWER STOREYS 
Different realisations of a setback from the façade plane are analysed in this sequence (see 
Fig. 1.6a). The 4.5-m pedestrian area is extended with a setback depth of 3 or 5 meters. Four 
cases are considered here and compared to the reference case S1.1:  
 F2.1_setback of the Ground Floor. 3m depth. 
 F2.2_setback of the Ground Floor. 5m depth. 
 F2.3_setback of the Ground Floor and 1st floor. 3m depth. 
 F2.4_setback of the Ground Floor and 1st floor. 5m depth.  
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Fig. 1.6: Sequence F2_Setback of the lower storeys.(a) Cross section and geometries considered in the se-
quence. (b) Noise exposure along the street width. (c) Noise exposure for pedestrians. The Sidewalk dimen-
sion is variable in this sequence (4.5m +setback depth). (d) Noise exposure along windows. (e) Average expo-
sure at windows. Reference case S1.1 is included. 
Results demonstrate that a setback of the lower floors can significantly reduce noise levels 
along the façade and for pedestrians. However the effect on the sidewalk and the lower sto-
reys is mainly caused by the increased distance to the source. Furthermore, a setback allows 
the addition of absorption on the ceiling to increase this advantage. 
A maximum reduction of 3.2 dB(A) in median exposure is predicted for pedestrians com-
pared to the reference case (S1.1) (see Fig. 1.6c). Higher effects are found along the whole 
façade (see Fig. 1.6e). A maximum reduction of 4.2 dB(A) as average value is obtained in the 
ground-floor window, 2.4 dB(A) in the first floor, and around 1.5 dB(A) at the other floor’s 
windows. Increasing the setback depth with 2m reduces the pedestrian exposure with 1 dB(A). 
However, it hardly affects the façade exposure, except for the ground floor window. The set-
back height has a higher influence on the façade than on pedestrians. When this height is 
increased with one floor, around 1 dB(A) additional reduction is found in the average value on 




1.3.3 Sequence F3: BALCONY GEOMETRY 
Different balcony geometries are analysed in this sequence (see Fig. 1.7a). A glass door of 
2.5m high giving access to the balcony is modelled. Five cases are shown and compared to the 
reference case S1.1:  
 F3.1_Vertical ledge. 
 F3.2_Inclined ledge. 
 F3.3_Inclined ledge and inclined ceiling. 
 F3.4_Inclined ledge and absorptive ceiling. 
 F3.5_Absorptive ceiling on the first floors, and inclined ledge + inclined ceiling 
from 3rd to 7th floor. 
Fig. 1.7: Sequence F3_ Balcony geometry. (a) Cross section and geometries considered in the sequence. (b) 
Noise exposure along windows. The sidewalk area examined is 4.5m next to façade. (c) Average exposure at 
windows. Reference case S1.1 is included. 
A slight reduction relative to the reference case (S1.1) is observed in the median pedestrian 
exposure. However, the main positive effects are predicted along the façade as shown in Fig-
ure 1.7c, mainly because of the shielding provided by the balcony on the windows. The aver-
age value in the seventh-floor window is reduced with 12.7 dB(A). Additionally, 6 dB(A) reduc-
tion can be achieved by optimizing balcony shape. The inclination of the ledge (F3.2) slightly 
reduces the average exposure at windows.  
The inclination of the balcony ceilings (F3.3) has a great influence on the façade exposure, 
reducing average noise levels along windows with more than 12 dB(A), especially in upper 
floors. F3.3 is the most advantageous case within the sequence. The addition of absorption on 
the ceiling of each balcony (F3.4) also results in an important reduction of façade noise level.  
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1.3.4 Sequence F4: TRIANGULAR PROMINENCES ON FAÇADE 
Different triangular prominences added to the façade are analysed in this sequence (see 
Fig. 1.8a). The position of the triangle vertex is changed horizontally (distance from façade 
alignment) and vertically (middle, up or down). Five cases are studied and compared to the 
reference case (S1.1). 
 F4.1_Middle-vertex 0.6m 
 F4.2_Middle-vertex 0.9m 
 F4.3_Middle-vertex 1.2m 
 F4.4_Down-vertex 1.2m 
 F4.5_Up-vertex 1.2m 
 
Fig. 1.8: Sequence F4_Triangular prominences on façade. (a) Cross section and geometries considered in the 
sequence. (b) Noise exposure for pedestrians. The sidewalk area examined is 4.5m next to façade. (c) Aver-
age exposure at windows. Reference case S1.1 is included. 
The addition of triangular irregularities on the façades has little effect for the road traffic 
noise exposure of pedestrians (see Fig. 1.8b). However, a strong reduction in façade exposure 
relative to the reference case is observed (see Fig. 1.8c). This effect becomes most pronounced 
at higher storeys. The specific shape of the triangles is important, and gives rise to variations 
of up to 6.2 dB(A) in the upper floor’s window and a reduction of 8.4 dB(A) relative to the 
reference case (S1.1). However, a small increment in noise exposure is found on the lower 
windows. Noise decreases when the triangles become larger (F4.1, F4.2, F1.3). 
The down-vertex case (F4.4) reduces pedestrian exposure with 0.5 dB(A) (see Fig. 1.8b). 
However, this is the most disadvantageous case in this sequence for façade exposure at the 





The Up vertex case (F4.5) increases pedestrian exposure with 1.5dB as the shape promotes 
early reflections towards the pedestrians. Nevertheless, it is the most advantageous case 
along the façades as it simultaneously shields part of the window and avoids the reflection 
towards the window. 
1.3.5 Sequence F5: SHIELDED INCLINED WINDOWS 
In this section, the idea of self-shielded windows is explored (see Fig. 1.9a). The windows 
are put in an inclined position, similar to a roof window. The façade, including windows, then 
forms a sawtooth shape. Two cases are considered and compared to the reference case S1.1  
 F5.1_Shielded windows inclined at 40 degrees  
 F5.2_Shielded windows inclined at 55 degrees 
 
Fig. 1.9: Sequence F5_Shielded inclined windows. a) Cross section and geometries considered in the se-
quence. (b) Noise exposure for pedestrians. The sidewalk area examined is 4.5m next to façade. (c) Average 
exposure at windows. Reference case S1.1 is included. 
 
An important positive effect, becoming more pronounced with height, is noticed in façade 
exposure (see Fig. 1.9c). However, a small increment on pedestrian exposure is observed due 
to the inclined surfaces facing down towards the sidewalk (Fig. 1.9b). There are no positive 
effects for ground and first floor windows. 
Shielded windows inclined at 40 degrees (F5.1), reduces up to 6.1 dB(A) on the upper win-
dow. A slight increment of 0.7 dB(A) is found averaged over the pedestrian area, as shown in 
Fig. 1.9b. 
Increasing the inclination of the windows to 55 degrees (F5.2), reduces an additional 
1.5 dB(A), reaching a total reduction of 7.6 dB(A) on the seventh-floor window. However, an 
increment of 0.7 dB(A) is achieved on pedestrian exposure. 
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1.3.6 Sequence S1: LOW BARRIER SHAPE  
Small geometrical changes in a low barrier next to the source are modelled in this sequence 
(see Fig. 1.10a). Four cases are shown and compared to the reference case S1.1. 
 S1.1_Reference case (without barrier)  
 S1.2_Vertical low barrier  
 S1.3_30˚ inclined low barrier 
 S1.4_0.26m vertical lamina added on the top of the inclined low barrier. 
  
 
Fig. 1.10: Sequence S1_Low barrier shape. (a) Cross section and geometries considered in the sequence. (b) 
Noise exposure along the street width. (c) Noise exposure for pedestrians. The sidewalk area examined is 
4.5m next to façade. (d) Noise exposure along windows. (e) Average exposure at windows. Reference case 







Low-height barriers show a big effect on the noise exposure of pedestrians (Fig. 1.10b), 
while little effect is observed along the façade, except for the first floors (Fig. 1.10d). 
In the vertical low barrier case (S1.2) the median value is reduced with 4.3 dB(A) for pedes-
trians (see Fig. 1.10c). This shielding effect confirms previous assessments (Ding, Van 
Renterghem, & Botteldooren, 2011), but tilting the low barrier seems even more interesting, 
additionally reducing 3.4 dB(A) for pedestrians and achieving a total reduction of 7.7 dB(A) 
relative to the absence of such a barrier (S1.1). Inclinations of 10˚, 20˚, 30˚ and 40˚ were stud-
ied as well. A 30˚ inclined low barrier is found to be the most beneficial for the current canyon 
dimensions. 
The addition of a small vertical lamina on the top of the inclined low barrier reduces addi-
tionally the median value with 1.1 dB(A), giving total median reduction of 8.8 dB(A) related to 
the case without barrier (S1.1) (2.10c). Differences up to 10 dB(A), can be found close to the 
façades (see Fig. 1.10b). Note that in the current simulations, the small lamina is assumed to 
fully prevent transmission through it just like for the low-height barrier itself. 
The addition of a low barrier slightly affects the noise levels along the façade (Fig 1.10e), 
but the inclination of such a low barrier achieves a significant reduction on the window expo-
sure, amounting from 9 dB(A) at ground floor up to 1 dB(A) at the 4th floor. The effect on the 
last two floors is insignificant: sound travels directly to these storeys without being shielded 
by the barriers. It is important to note that the low barriers are modelled in 2D, the latter 
being equivalent to an infinitely long barrier. In a real urban setting, the solution will not be 
that effective as the barrier needs interruptions to allow the pedestrians to cross the street. 
 
 
1.3.7 Sequence S2: GREEN ABSORPTION ON A VERTICAL LOW BARRIER 
Different green wall absorption treatments on a vertical low barrier are analysed in this 
sequence (see Fig. 1.11a). Five cases are discussed and opposed to the low vertical barrier 
without absorption (S1.2).  
 S2.1_Absorption on the receiver side 
 S2.2_Absorption on the receiver side and top 
 S2.3_Absorption on the source side 
 S2.4_Absorption on the source side and top 
 S2.5_Absorption on the source side, top and receiver side 
 
CH1  27 
 
 
Fig. 1.11: Sequence S2_Green absorption on a low vertical barrier. (a) Cross section and geometries consid-
ered in the sequence. (b) Noise exposure for pedestrians. The sidewalk area examined is 4.5m next to fa-
çade. (c) Average exposure at windows. Case with the low vertical barrier without absorption (S1.2) is in-
cluded. 
 
Results show an important effect in the pedestrian zone (see Fig. 1.11b). However, only a 
slight effect is observed along the façade (see Fig. 1.11c). Furthermore, they demonstrate that 
specific application of absorption on the faces of such a barrier is important.  
The addition of a low vertical barrier with frequency-dependent absorption, provided by a 
realistic green wall substrate, leads to a reduction in pedestrian exposure of at least 5 dB(A) 
(see Fig. 1.11b). Different absorption positions give additional reduction within a margin of 
4 dB(A), reaching a maximum reduction relative to the no-barrier case (S1.1) of nearly 9 dB(A) 
with all faces absorbing (S2.5). Absorption on the source side only (case S2.3) additionally re-
duces more than 2 dB(A) compared to the case with absorption on the receiver side (case 
S2.1). The addition of absorption on the top of the low barrier reduces additionally 1 dB(A) for 
pedestrians, despite the small surface of 0,66m; this can be observed in both cases where top 
absorption is added: S2.1-S2.2 and S2.3-S2.4.  
It can be concluded that absorption on the source side of a low-height vertical barrier, 
placed in a street canyon, is most advantageous. This demonstrates the importance of absorb-
ing direct sound from the source. The least effective is the case with absorption on the receiver 






1.3.8 Sequence S3: DEPRESSED ROAD 
Different geometries on a 1.7m depressed road are analysed in this sequence (see Fig. 
1.12a). Five cases are shown and compared to the reference case S1.1 
 S3.1_No barrier 
 S3.2_Vertical low barrier on the sidewalk edge 
 S3.3_Inclined low barrier on the sidewalk edge 
 S3.4_Inclined retaining walls and vertical low barrier on the sidewalk edge 
 S3.5_Inclined retaining walls and inclined low barrier on the sidewalk edge 
 
Fig. 1.12: Sequence S3_Depressed roads (-1.7m). (a) Cross section and geometries considered in the se-
quence. (b) Noise exposure for pedestrians. The sidewalk area examined is 4.5m next to façade. (c) Average 
exposure at windows. Reference case S1.1 is included. 
Results show a high effect of introducing small barriers along a depressed road for both 
pedestrians (see Fig. 1.11b) and façade receivers (see Fig. 1.11c), especially on lower floors. 
The inclination of the low barrier on the sidewalk edge (S3.3) is again highly efficient as it 
additionally reduces 4.4 dB(A) for pedestrians and at the ground floor (relative to a vertical 
barrier at the edge, S3.2) and around 2 dB(A) along the rest of the façade. Little effect is ob-
served in the last floors. 
A depressed road (S3.1) practically does not affect neither pedestrian nor façade noise lev-
els compared to non-depressed roads. Depressed roads with a barrier on the sidewalk edge 
(S3.2, S3.3) show a slight reduction below 1 dB(A) compared to non-depressed cases (S1.2, 
S1.3). On the other hand, depressed roads allow inclining the road retaining walls (S3.4) which 
gives additional 2.7 dB(A) reduction for pedestrians; a higher reduction of 3.8 dB(A) is achieved 
when the low barrier on the edge is inclined at 20 degrees (S3.5). An impressive total noise 
reduction for pedestrians of 9.6 dB(A) in case S3.4 and 10.7 dB(A) in case S3.5 is predicted. 
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Furthermore, a large reduction in façade exposure is achieved in case S3.4 from 9.8 dB(A) at 
GF (but only 0.7 dB(A) at the 6th floor), and in case S3.5 from 11.1 dB(A) at GF (to 2 dB(A) at 
the upper floors). However, the inclination of the retaining wall has the disadvantage that it 
reduces the useful surface of the street. 
Furthermore, a parallel sequence with absorbing material on the retaining walls has been 
calculated. It demonstrates the usefulness of absorption on a vertical retaining wall next to 
the road, reducing additionally from 4 dB(A) in case S3.3 to 7.5 dB(A) in case S3.2. However, 
the addition of absorption on the inclined retaining wall is no longer efficient as they addition-
ally reduce noise with less than 1 dB(A) for both pedestrian and façade receivers. This is con-
sistent with the findings in Sequence S2. 
 
1.3.9 Sequence S4: TWO LEVEL STREET 
Different cases of a two level street are analysed in this sequence (see Fig. 1.13a). The road 
is placed 3.0m below the pedestrian zone. There are parking spaces at both sides of the road. 
Five cases are compared to the reference case (S1.1) 
 S4.1_No barrier 
 S4.2_Vertical low barrier on the sidewalk edge 
 S4.3_Inclined low barrier on the sidewalk edge 
 S4.4_Inclined walls and vertical low barrier on the sidewalk edge 
 S4.5_Inclined walls and inclined low barrier on the sidewalk edge 
 
Fig. 1.13: Sequence S4_Two level street. (a) Cross section and geometries considered in the sequence. (b) 
Noise exposure for pedestrians. The sidewalk area examined is 4.5m next to façade. (c) Average exposure at 





A second level road has an important positive effect for pedestrians (see Fig. 1.13b) and 
along the whole façade (see Fig. 1.13c). However, the cases in this sequence mainly affect 
noise levels in lower storeys. A maximum reduction of 11.3 dB(A) is found for pedestrian ex-
posure, and 11.5 dB(A) reduction averaged over the ground floor window. This is in contrast 
to the previous sequence (S3), where lowering the road shows practically no difference in 
noise exposure. The parking spaces lower the pedestrian exposure with 5.3 dB(A) and the av-
erage noise levels with 6 dB(A) in ground floor window (related to the case S3.1 in the previous 
sequence with the road lowered also at -3m). Furthermore, the addition of a vertical low bar-
rier on the edges (S4.2) additionally reduces the median value with 3.5 dB(A). The reduction 
is 4.8 dB(A) when the low barrier is inclined (S4.3), reaching a total reduction of 10.1 dB(A). 
Nevertheless, the addition of an inclined wall next to the road (S4.4, S4.5) in this sequence has 
little advantage, in contrast to the previous sequences. The case with inclined barriers on side-
walk edge (S4.3) can be considered as efficient since it provides pronounced noise reduction 
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1.4 Summary of results 
 
Fig. 1.14: Pedestrian exposure in each case. (a) In façade geometry cases. (b) In Street geometry cases. 
 





 Table 1.2. Pedestrian exposure along walkways and average exposure at windows (relative to ref-




average level in windows (dB(A)) 
  walkways PB P1 P2 P3 P4 P5 P6 P7 
          
F1.1 -0.8 _ _ _ _ _ _ _ _ 
F1.2 0.8 _ _ _ _ _ _ _ _ 
F1.3  -0.1 _ _ _ _ _ _ _ _ 
F1.4  -1.8 _ _ _ _ _ _ _ _ 
F1.5  1.0 _ _ _ _ _ _ _ _ 
F1.6  -0.9 _ _ _ _ _ _ _ _ 
F1.7  -1.9 _ _ _ _ _ _ _ _ 
F2.1 -2.1 -1.4 0.0 -2.4 -3.6 -5.1 -6.3 -7.5 -8.5 
F2.2 -3.1 -2.7 -0.3 -2.6 -3.9 -5.2 -6.4 -7.7 -8.7 
F2.3 -2.3 -1.6 -0.6 -1.7 -3.3 -5.7 -7.0 -8.0 -8.8 
F2.4 -3.2 -2.8 -1.5 -1.7 -3.8 -6.1 -7.3 -8.3 -9.2 
F3.1 -0.2 1.6 -2.4 -5.2 -7.0 -8.8 -10.5 -12.3 -13.6 
F3.2 -0.3 1.4 -2.9 -5.8 -8.0 -9.7 -11.3 -12.9 -16.0 
F3.3 -0.2 1.6 -3.3 -7.7 -11.0 -13.7 -15.9 -17.2 -20.3 
F3.4 -0.7 1.1 -3.6 -7.9 -10.8 -13.4 -15.3 -17.2 -16.7 
F3.5 -0.7 1.1 -3.7 -7.9 -10.8 -13.9 -16.2 -18.1 -20.7 
F4.1 0.1 2.0 1.4 -1.1 -3.5 -4.9 -6.4 -8.3 -9.9 
F4.2 0.1 2.3 1.4 -1.5 -4.3 -6.3 -7.7 -10.0 -12.0 
F4.3 -0.3 2.6 1.1 -2.2 -5.2 -7.2 -9.0 -11.3 -13.6 
F4.4 -0.5 2.8 1.9 -0.2 -2.8 -5.4 -7.8 -9.9 -14.2 
F4.5 1.3 2.9 0.0 -3.6 -6.5 -8.4 -10.6 -13.4 -16.2 
F5.1 0.6 1.5 1.4 -1.4 -5.4 -7.2 -9.4 -11.5 -13.8 
F5.2 1.3 2.1 1.0 -3.6 -6.4 -8.7 -11.4 -13.5 -15.4 
          
S1.1 = F1.1 REFERENCE 1.5 0.9 -1.1 -2.6 -4.3 -5.4 -6.9 -7.7 
S1.2 -4.3 -3.2 -1.1 -2.0 -3.3 -5.0 -6.2 -7.9 -8.7 
S1.3 -7.7 -6.4 -1.7 -2.5 -4.1 -5.2 -6.0 -6.8 -7.7 
S1.4 -8.8 -7.6 -2.1 -2.5 -4.2 -5.2 -5.9 -7.0 -7.7 
S2.1 -5.1 -3.8 -0.8 -2.2 -3.5 -5.2 -6.3 -7.9 -8.8 
S2.2 -6.1 -4.8 -1.2 -2.6 -3.6 -5.4 -6.5 -8.2 -9.1 
S2.3 -7.2 -6.1 -1.8 -2.7 -4.1 -5.8 -7.0 -8.4 -9.2 
S2.4 -8.3 -7.1 -2.3 -3.3 -4.3 -6.1 -7.2 -8.8 -9.6 
S2.5 -8.8 -7.7 -2.5 -3.4 -4.3 -6.2 -7.2 -8.8 -9.6 
S3.1 -7.7 -6.3 -1.3 -2.8 -4.3 -5.7 -6.9 -8.1 -8.8 
S3.2 -7.8 -6.6 -1.5 -2.8 -4.4 -5.8 -7.0 -8.1 -8.8 
S3.3 -8.5 -7.3 -1.9 -2.7 -4.5 -5.7 -6.8 -7.8 -8.3 
S3.4 -8.8 -7.3 -1.9 -2.8 -4.5 -5.7 -6.8 -7.8 -8.3 
S3.5 -10.6 -8.6 -2.1 -3.2 -5.0 -6.5 -7.5 -9.0 -9.6 
S4.1 -5.3 -3.9 -3.0 -4.1 -5.6 -7.1 -8.1 -9.1 -9.4 
S4.2 -8.8 -7.3 -4.0 -3.6 -5.2 -7.2 -8.2 -9.0 -9.3 
S4.3 -10.1 -9.0 -4.8 -5.0 -6.1 -7.4 -8.4 -9.3 -9.6 
S4.4 -10.8 -9.5 -6.1 -4.1 -5.6 -6.8 -7.3 -8.6 -9.0 
S4.5 -11.3 -10.1 -5.7 -5.3 -6.2 -7.7 -8.0 -8.8 -8.6 
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2 The addition of absorption 
2.1 Absorption on low barriers 
Different absorption treatments on an inclined low barrier are analysed in this sequence 
(see Fig. 1.16a). Four cases are shown and compared to the case inclined low barrier without 
absorption (S1.3). The three first cases incorporate absorption on different surfaces of the 
inclined barrier. The two last cases add also absorption on the façade of the building. 
- S1.3.A1_Absorption on the source side. 
- S1.3.A2_ Absorption on the receiver side and top. 
- S1.3.A3_ Absorption on the receiver side, top and wainscot of 0.97m height. 






Fig. 1.16: Sequence S1.3.A_Green absorption on an inclined low barrier. (a) Cross section and geometries 
considered in the sequence. (b) Noise exposure for pedestrians. The sidewalk area examined is 4.5m next to 
façade. (c) Average exposure at windows. The case with inclined low barrier without absorption (S1.3) is in-
cluded as reference. 
Results show a notable effect for pedestrians (see Fig 1.16 b), and along the façade (see Fig 
1.16 c). Some cases show the opposite effect on façade and for pedestrians. The addition of 
absorption on the source side of a low inclined barrier (S1.3.A1) does not affect results for 
pedestrians neither for lower storeys. A slight reduction is observed only along windows in the 




is partially absorbed. It is important to highlight that for an inclined barrier, it is better to add 
absorption at the receiver side and top (S1.3.A2), in contrast to a vertical barrier (S2), where 
the addition of absorption on the source side is more effective than on the receiver side and 
top.  
Different absorption treatments for an inclined low barrier (S1.3.A1, S1.3.A2, S1.3.A3) vary 
less than 2 dB(A) for pedestrians and on the façade. This leads to the important conclusion 
that an inclined low barrier with no absorption is very effective in reducing noise in both pe-
destrian zones and along the façade compared to a vertical barrier, and the addition of ab-
sorption only slightly reduces noise levels in addition. The case with absorption on the receiver 
side, top and wainscot (S1.3.A3) proves that the addition of an absorptive wainscot on the 
building does not reduce noise for pedestrians or on the façade. On the contrary, the addition 
of absorption on the receiver side, top and in the whole façade (S1.3.A4) is the most effective 
method reducing up to 3 dB(A) for pedestrians and along the façade.  
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2.2 Absorption on retaining walls: 
This sequence analyses the addition of absorbing material on the retaining walls in each case 
of the previous sequence  
Five relevant cases are shown and compared to the case  
- S3.A1: with no barrier  
- S3.A2: vertical low barrier on the sidewalk edge 
- S3.A3: 30˚ inclined low barrier on the sidewalk edge 
- S3.A4: 30˚ inclined retaining walls and vertical low barrier on the sidewalk edge 
- S3.A5: 30˚ inclined retaining walls and 20˚ inclined low barrier on the sidewalk 
edge 




b)  c) 
 
 
Fig. 1.17: Sequence S3.A_Depressed roads -1.7m with absorption on retaining walls. (a) Cross sections and 
geometries considered in the sequence.(b) Noise exposure for pedestrians. The sidewalk area examined is 
4.5m next to façade. (c) Average exposure at windows. The case with vertical retaining walls and no absorp-
tion is included as reference. 
The addition of absorption treatment on the road highly reduces noise levels for pedestri-
ans in all cases. Reduction from 6.4 dB(A) to 10.9 dB(A) is achieved for pedestrians. The inclu-
sion of a barrier on the sidewalk edge reduces at least additional 3.5 dB(A) for pedestrians. 




clined low barrier on the sidewalk edge (S3.A3) is no longer important as in the previous se-
quences. Both solutions can be equally selected. The inclined retaining walls are no longer 
efficient with the addition of absorption as they only reduce additional 0.4 dB(A) for pedestri-
ans. The addition of absorption treatment in this sequence has an important influence not 
only for pedestrians but also on the whole façade. This is the first time it happens when ap-
plying a solution next to the source. Noise reduction is also achieved in the whole façade es-
pecially on first floors. On the ground floor window an average reduction from 6.7 dB(A) to 
11.5 dB(A) is achieved. The addition of a vertical low barrier in this sequence paradoxically 
increases slightly the noise levels in last floors. The cases with inclined retaining walls and 
vertical low barrier works worse than the cases with vertical retaining walls and a low barrier 
on the edge (vertical or inclined), both for pedestrian and façade. 
The most advantageous case in this sequence for the façade is the one with inclined low 
barrier on the sidewalk edge and vertical retaining wall (S3.A3). The comparison between se-
quences S3 and S3A demonstrates the convenience of the addition of absorption on a vertical 
retaining wall reducing from 4 dB(A) in case S3.A3 to 7.5dB in case S3.A2. However, the ab-
sorption on the inclined retaining wall is no longer efficient as they additionally reduce less 
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3 Open configuration: a road in Rivierenhof park 
Case Study included in the following book:  Estévez Mauriz, L., Alves, S., Aletta, F., Puyana Romero, 
V., Echevarria Sanchez, G.M., Rietdijk, F., Pagán Muñoz, R., Georgiou, F., Zachos, G., & Margaritis, 
E. (2016). Urban Sound Planning – the SONORUS Project. W. Kropp, J. Forssén, L. Estévez Mauriz 
(Ed.). 1st ed. Gothenburg: Chalmers University of Technology. ISBN: 9789163918599 
3.1 Controlling the urban sound environment: improvement of road 
layout. 
Rivierenhof Park is divided by a 1km road with two traffic lanes, each with an adjacent 
bicycle and pedestrian path. The current urban layout decreases pedestrian safety and inter-
rupts the cohesion of the park as only four crossing points are available. At the same time, the 
linear geometry of the road enhances vehicle acceleration. From the aesthetic and visual point 
of view, it gives the misleading impression to the visitor that they have reached the end of the 
park. Additionally, this road is a significant source of road traffic noise, with Leq values around 
70 dB(A). 
In this regard, the following solutions were proposed to mitigate the problems generated 
by road traffic, reducing road traffic noise emission, and increasing pedestrian safety and ur-
ban green space quality: 
- Locating pedestrian paths and bike lanes away from the road. 
- Separating the two traffic lanes; 
- Reducing the number of lanes: redistribution of the traffic flow to other possible 
routes; 
- Reducing traffic speed with calming measures, such as the inclusion of chicanes 
along the road, known to reduce traffic speed. This measure will also avoid the 
linear perception of the road, giving visual continuity to the park; 
- Adding a porous road surface material, reducing noise emission especially at high 
speeds; 
- Locating vegetated low barriers next to the source; and 
- Including vegetated subtracts between source and receiver, reducing noise levels 
at the pedestrian paths while giving visual continuity to the park;  
Most of the proposed solutions were acoustically calculated using the FDTD method. The 
addition of different shapes of low barriers was also assessed. The different noise abatement 
measures were included in two scenarios: scenario 1 (Sc1) keeping the two-lane road, and 
scenario 2 (Sc2) modelling a one-lane road (see Fig. 1.19). Both scenarios are compared to the 
current situation, where both the cyclist and pedestrian paths are located next to the road. 




barriers and the future scenarios with the low barrier types (see fig. 1.19). In both proposed 
scenarios, pedestrian and cycling path are located at a further distance from the road, making 
it possible to include two vegetated absorbing substrates in between. 
 
 
Fig. 1.19. Scenarios modelled. Current scenario, scenarios 1 and 2. 
 
Two different low barrier types (vertical or 30 degrees inclined) of 1.1m height have been 
assessed while looking at different traffic speeds (50, 40 and 30 km/h). Both barrier types are 
modelled with growing substrates on the top and receiver sides. The total sound pressure 
level distribution along the section at 1.5m height in the different cases are compared to the 
current situation (see Fig. 1.20). The inclined low barrier for scenario Sc2 is the most effective 
solution, with a reduction of 11.5 dB(A) in the exposure at the same position. The comparison 
between the two charts shows the importance of limiting the traffic speed achieving around 
5 dB(A) reduction. It should be noted that the modelling results have been performed in two 
dimensions, assuming no variation along the third dimension.  
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Fig. 1.20. Noise exposure along the cross section at 1.5m height. (a Scenario 1, (b) Scenario 2. 
 
The exposure reduction in dB(A) relative to the reference values in the current case is dis-
played in Fig. 1.21. Here large noise reductions are shown, especially in the cases with the 
inclined low barrier, where a 25 dB(A) reduction is achieved on the cyclist exposure at 8.5m 





Fig. 1.21- Noise reduction (dB(A)) for cyclist at 8.5m and pedestrian at 17m from the road centre in both sce-
narios. Vegetated substrate is considered. 
  
 From this analysis the main conclusions in this scenario are the following: 
1. The combination of different noise abatement measures proposed, including the 
distance increment from the source, can reduce up to 25 dB(A) for cyclists and up 
to 30 dB(A) for pedestrians. 
2. The suppression of one traffic lane gives an overall reduction of around 3 dB(A). 
3. Decreasing the speed from 50 to 40 km/h reduces an overall noise level by around 
3 dB(A). Reducing the speed from 40 to 30 km/h additionally reduces noise by 
around 3 dB(A). 
4. Displacing the cyclist and pedestrian lanes further away from the source achieves 
a reduction of around 7 dB(A) and 19 dB(A) respectively. 
5. Vegetated ground surfaces only reduce noise at far distances. Reduction of around 
6.5 dB(A) is achieved for pedestrians at 17m from the road.  
6. The addition of a low vertical barrier reduces noise by around 6 dB(A) for cyclists, 
but practically no effect is found for pedestrians.  
7. The inclined barrier achieves bigger reductions that the vertical one in all cases. It 
additionally reduces noise by around 4 dB(A) in Sc1 and around 2 dB(A) in Sc2 for 
cyclists. For pedestrians, a reduction of nearly 5 dB(A) is achieved in Sc1 and 




CH1  41 
 
4 Conclusions 
The numerical results presented in this work indicate that urban canyon shape has an im-
portant influence on road traffic noise levels for directly exposed receivers. Furthermore, it 
was found that building geometry mainly influences noise levels along the façades whereas 
geometrical changes next to the source have a higher relevance for pedestrians and at the 
windows of the lower floors.  
Redirecting the first noise reflections towards the open top end of the canyon was shown 
to be important when aiming at reducing the noise exposure. This requires inclination of ge-
ometries along the façade and especially next to the source. Furthermore, small geometrical 
changes show to be a powerful architectonic tool to reduce noise in an existent canyon. In-
clined low barriers can serve as street furniture, increasing utility of the urban space. Inclined 
geometries are more or less equivalent to the correspondent vertical ones with absorption. 
Addition of absorption to an inclined element does not seem to bring additional noise reduc-
tion. 
The general building shape (F1) can be important for road traffic noise levels at pedestrians. 
Flat upwardly inclined and concave façades redirect the first noise reflections towards the exit 
of the canyon, reducing the reverberation, and as a consequence they show less noise expo-
sure at the same position in the street. Additionally, they behave rather similar in various ab-
sorption scenarios, while the shapes providing higher reverberation strongly depend on the 
building material. Flat downwardly inclined façades are least interesting. 
The setback of the first floors of a building (F2) has a positive influence along façades. No 
important reduction is found for pedestrians at the same position relative to the road. How-
ever, the possibility to walk somewhat further from the road guarantees lower averaged noise 
levels. 
Balcony design (F3) has a great influence on the façade noise levels. A combination of 
measures is most advantageous: inclining the balcony ceiling and ledge in upper storeys and 
adding absorption on the ceilings up to the 3rd floor significantly reduces the average noise 
levels along windows in upper floors (up to 12.9 dB(A)). 
The addition of triangular prominences on the façade (F4) has a strong influence on the 
façade exposure, especially at the upper floors. A reduction up to 8.4 dB(A) is predicted. The 
up vertex case is most advantageous for façade receivers, as it simultaneously shields part of 
the upper window and at the same time avoids reflections towards the lower window. 
Self-shielded windows (F5) provide important noise reduction along the façade. Reduction 
up to 7.6 dB(A) in the upper floors is achieved. Reduction is proportional to the angle of incli-
nation. No positive effect is found for the pedestrian exposure. 
Low barriers next to the source (S1) should be preferably inclined, additionally reducing 




vertical lamina on its top. No important effect is observed along the façade except for lower 
storeys. 
Absorption treatments on a vertical low barrier (S2) show a remarkable effect on the whole 
façade and large reductions for pedestrians. The addition of absorption on the source side of 
the vertical low barrier is more efficient than on the receiver side. The most advantageous 
case includes absorption on the source side, top and receiver side of the low barrier. However, 
the efficiency of this case is similar to a small inclined barrier without absorption. 
A depressed road (S3) is highly efficient if its retaining walls are inclined. The median value 
is reduced by 10.6 dB(A) for pedestrians. Large reductions are also found on the first floors. 
The addition of absorption on the inclined retaining walls is only efficient if they are vertical.  
Positioning the road at a second level (S4) has a strong beneficial effect for the sound pres-
sure levels to which pedestrians are exposed and along the façade. A reduction up to 
11.3 dB(A) is predicted for pedestrians and up to 11.5 dB(A) at the ground floor window. 
Note that the current numerical simulations have been performed in two dimensions (using 
street cross sections), assuming that there is no variation along the third dimension and that 
a coherent line source is modelled. Especially in the case of low-barriers, the necessary inter-
ruptions (for safety reasons) are not included and could significantly deteriorate their perfor-
mance. To limit this effect, barrier segments should be overlapping. 3D aspects of building 
façade design have not been analysed or exploited either. A real case street canyon has open-
ings for perpendicular streets which implies less reverberation than in the studied case and 
therefore, noise reduction can be smaller. However, for two level roads, a real case scenario 
needs bridges to allow pedestrians crossing the street. This could create higher reverberation 
and therefore, noise reduction can be bigger. 
This numerical study shows that noise reduction in a street canyon can be achieved by ge-
ometrical street design. This implies that sound waves are affected during propagation, alt-
hough sources and receivers are located in the same reverberant space. This study aimed at 
quantifying the effect of a number of non-trivial ideas purely from the viewpoint of noise re-
duction, neglecting other building functions. 
The street canyon proposed as reference represents a typical urban configuration in the 
centre of big cities. It is acoustically a quite unfavourable situation where abatements might 
be more effective than in other urban configurations. However, the interest lies in solving the 
problem of noise in the most polluted areas such as the proposed geometry.  
In addition to the accurate predictions for each case, the sequence´s results provides an 
intuitive understanding on how sound propagates in different canyon geometries. These con-
clusions can be applicable to other canyon dimensions as well. Narrower canyons would pro-
vide higher reverberation and thus higher noise levels. In these cases the effect of geometrical 
interventions is expected to be even bigger. Wider canyons provide lower noise levels and the 
effect of changing geometry could be limited. As regards the height of the buildings it is less 
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influential than the width of the street. In any case, for each new geometry, the inclination 
angle of the reflective surfaces should be optimized. 
However, for other types of urban configurations like tower blocks or open spaces like in a 
park, it is strongly suggested to perform dedicated calculations, fully accounting for the site-
specific geometry.  
 Nevertheless, these results are of importance as changing canyon and façade shapes can 
be used as a tool in urban street design to mitigate road traffic noise exposure in future de-
velopments. This is of high relevance as road traffic noise is a persistent and main environ-
mental problem in cities nowadays. Furthermore, the findings presented in this work offer a 
promising connection between street acoustics and architecture and urbanism, currently 
working independently. Consequently, architects and urban planners should take these con-






Chapter 2 Audio-Visual perception 
The present chapter corresponds to the following journal paper: Using Virtual Reality for assessing 
the role of noise in the audio-visual design of an urban public space. (Gemma Maria Echevarria 
Sanchez, Timothy Van Renterghem, Kang Sun, Bert De Coensel, & Dick Botteldooren. Published in 
November 2017 in Landscape and Urban Planning, Volume 167, Pages 98-107). 
1 Introduction 
The fact that soundscape is not commonly taken into account in urbanism might contribute 
to the ubiquitous noise problem in our cities nowadays (Bild et al., 2016). Similarly, when vis-
ual quality is not given sufficient attention in acoustic interventions, the result might even be 
a worsening of the general environmental quality of the urban space. The lack of simultaneous 
consideration of both visual and sound may give rise to inefficient interventions in urban ar-
eas, often resulting in disuse of public spaces by pedestrians. Any urban renovation should be 
at the disposal of pedestrians from a holistic point of view, taking into account all the elements 
affecting activity in the urban context. 
The combined audio-visual influence on human environment perception is known since 
long. The study of Southworth (1969) showed for the first time how sounds influence percep-
tion of the visible city, concluding that sound has the function of enriching the environment. 
Recent studies further showed how sound and visual interaction affect perception. Auditory 
perception improves when accompanied by visuals cues, and similarly, sounds can direct at-




Jeon, 2014; Joynt & Kang, 2010). The effects of non-auditory factors on soundscape percep-
tion has been investigated concluding that urban soundscape is dominated by acoustic com-
fort, visual images and day lighting (Jeon, Lee, Hong, & Cabrera, 2011). Natural green to im-
prove noise perception takes a special place in this context. Natural features are indicators of 
tranquillity (Pheasant, Horoshenkov, Watts, & Barrett, 2008). The view on vegetation as seen 
from a living room’s window facing a city ring road was shown to strongly reduce the self-
reported noise annoyance (Van Renterghem & Botteldooren, 2016). Aylor (1977) found that 
there was a 7 dB difference in the perception of loudness between hemlock trees and a mini-
mal fence obscuring an acoustic source. Also traffic noise can influence the perceived visual 
impact of motorway traffic, especially in a natural landscape (Jiang & Kang, 2016). The visual 
perception of traffic was shown to have a significant influence on perceived noise, increasing 
the average ratings of noisiness where the degree of visual screening was higher (Watts, 
Chinn, & Godfrey, 1999). Perceived loudness and noise annoyance was found to be lower for 
transparent noise barriers than for opaque barriers (Joynt & Kang, 2010; Maffei, Masullo, 
Aletta, & Di Gabriele, 2013). Certain sounds like traffic noise and especially bird song are rated 
more negatively the more urban the visual setting is (Viollon, Lavandier, & Drake, 2002). The 
effects of visual characteristics in landscapes on soundscape perception in city parks was stud-
ied, concluding that the percentage of buildings, vegetation and sky in panoramic views were 
landscape elements effectively influencing soundscape perception (Liu, Kang, Behm, & Luo, 
2014).  
These findings are guiding towards an assessment method for design and renovation of 
urban public spaces that fully accounts for coupled audio-visual perception. State-of-the-art 
Virtual Reality technology is facilitating this objective, simulating the user´s physical presence 
in a virtual replication of a real environment, and allowing the interaction with the urban 
space. Some recent studies have already used VR to simultaneously assess sound and visuals 
in the perceived urban environment (Aletta, Masullo, Maffei, & Kang, 2016; Maffei, Iachini, et 
al., 2013; Maffei, Masullo, et al., 2013; Ruotolo et al., 2013).  
However, to fully unleash the possibilities opened by modern VR, a few factors in the audio-
visual experience need to be considered carefully. Firstly, a realistic audio-visual interaction 
needs to include movement as we do in real life (Nordahl, 2006), where people walk and move 
the head around willingly to explore the environment. Previous research has concerned acous-
tically static environments based on binaural recordings from a fixed head position (Maffei, 
Iachini, et al., 2013; Ruotolo et al., 2013). Achieving a virtual dynamic acoustic ambiance is 
especially difficult for non-existent soundscapes that need to be auralized and reproduced in 
a 3D soundscape. Secondly, the daily use of the public urban space usually does not involve 
active listening (Lindborg, 2015). Hence it could be expected that assessment of urban designs 
may be affected by focussing attention of the participants on the sound environment. It was 
also observed that landscape preference varies when being informed about the context (van 
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der Wal et al., 2014). This would imply that a very careful experimental design is needed to 
guarantee ecological validity of this assessment. 
In this paper, a method for 3-dimensional auralization of future sound interventions is pro-
posed, allowing simultaneous interaction with the user´s head movement. Furthermore, phys-
ical movement within the virtual environment is possible, allowing the user to walk, perceiving 
the changing visuals and changing soundscape along the journey and having the possibility to 
look around freely and localizing in space the different sound sources. The design of the future 
soundscapes in an urban renovation can include noise abatement measures. The proposed 
method modifies the existent urban sound recorded in first-order ambisonics, according to an 
accurate calculation of the correspondent frequency-dependent insertion loss by means of a 
full-wave technique: the Finite Different Time Domain (FDTD) method. An existent bridge over 
a highway is considered as a case study where this method is put into practice.  
In this paper, the above methodology is applied to investigate the influence of highway 
traffic noise on the overall pleasantness of experience of walking towards the park, in partic-
ular when the users of the space are not made aware of the presence of this sound. As sub-
liminal sound was shown to influence perception (Kang & Schulte-Fortkamp, 2016), some ef-
fect is expected. An experiment was conducted with 75 participants (that had no prior 
knowledge of the place) to compare the quality of different urban renovation proposals. The 
experiment was carefully designed to achieve ecological validity needed to assess the differ-
ent renovations in the same urban scenario, recreating a realistic experience in a lively sur-
rounding of a city created with elements in motion (cars moving, trams passing by and people 
walking). In a first phase, the same sound environment was present during the presentation 
of all designs but the same evaluation was repeated during different days with a different 
sound environment. This experimental design strongly reduced the awareness of the differ-
ences in the sound environment. In a second part of the experiment participants were asked 
to specifically pay attention to the different visuals and sounds (informed). 
2 Methodology 
2.1 General methodology 
A new methodology is proposed to compare the quality of future urban renovation alter-
natives for an urban street area by means of Virtual Reality, including the sound planning 
strategy. VR artificially replicates an environment allowing user interaction in 360 degrees. 
The immersion is experienced through different sensory modalities providing the perception 
of being physically present. This method uses the full-sphere surround sound of the existent 




immersed through an urban environment with the freedom to look around as we do in normal 
life, ensuring sufficient ecological validity. This presentation of the sound environment goes 
far beyond the more common binaural presentation that limits the movement of head. The 
freedom of the user to move the head while walking in a virtual scene forces to build a dy-
namic 3D sound environment (ambisonics). The headphone playback requires instant head 
tracing and accounting for average Head Related Transfer Function (HRTF).  
The visualization of the urban area can be built in any 3D software or Game Engine and 
reproduced with any head-mounted device to provide the virtual visual experience. The ne-
cessity to reproduce a realistic feeling in the users requires a detailed and accurate visual and 
audio model as similar as possible to the real urban area. 
The auralization process of the renovation starts from a 4 channel first-order ambisonics 
recordings (encoded in B-format) of the existing sound environment, which allows to include 
auditory spatialisation partially due to the limited directivity of the first order channels of am-
bisonics. It is however enough to provide a feeling of sound immersion while keeping the mo-
bile sound recording relatively straight forward. The urban intervention might include noise 
abatement measures whose corresponding noise reduction needs to be calculated in detail, 
resulting in a frequency-dependent insertion loss used for filtering the aforementioned first-
order ambisonics recordings recordings. In this work, the detailed finite difference time do-
main (FDTD) method was used to numerically predict the effect of different noise barriers 
(Ding, Van Renterghem, & Botteldooren, 2011). This accurate method is capable of computing 
all physical phenomena involved like multiple diffractions and scattering. This technique has 
been successfully validated over a wide range of acoustical applications, including sound level 
predictions in urban streets (Echevarria Sanchez, Van Renterghem, & Botteldooren, 2015). 
The first-order ambisonics is decoded in a 3 dimensional reproduction audio system and ap-
plied the insertion loss previously calculated. Thereafter, it is implemented within the Virtual 
Reality model as an equidistant surround sound source system around the character control-
ler associated to the position and movement of the person experiencing the VR. To allow for 
a dynamic assessment of the environment (users are moving in the urban environment), the 
virtual sources for 3D reproduction move in parallel and simultaneously to the character con-
troller and are synchronized in time and space with the original recording.  
In a final step, test persons are asked to make virtual walks through the urban environ-
ments to assess their experiences in detail. In the following section this general methodology 
is applied to a case study. 
2.2 Case study 
In this paper, the proposed general methodology has been applied to compare the quality 
of different renovation alternatives of an urban bridge in Antwerp (see Fig. 2.1). The bridge 
was chosen due to its strategic position, crossing the highway R1, and connecting a very 
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densely populated district in the city centre with the only green area easily accessible (Rivi-
erenhof Park). However, the bridge is currently practically in disuse by pedestrians for its un-
attractive visuals and its high noise exposure (exceeding 80 dB (A)). Furthermore, the bridge 
gives a feeling of unsafety due to the need to use narrow walkways close to the road. The park 
is therefore perceived very far from the urban area despite its rather close distance, making 
the bridge an additional barrier instead of a connector.  
 
Fig. 2.1: Bridge perspective (Google maps) and aerial view where the endpoints and direction of the walk are 
indicated.  
 
The renovation aims to recover the connectivity function of the bridge for pedestrians and 
cyclists. This is achieved by improving safety, landscape and soundscape. Firstly, a rearrange-
ment of the street uses was proposed, merging the walkable and cycling paths at one side of 
the tram lines, and bundling the parking and driving lanes at the other side of the bridge to 
separate and increase the distance between the sound sources and the pedestrians and bikers 
(see Fig. 2.2). 
 
Fig. 2.2: Street use redistribution on the bridge. 
 
Secondly – and this is the main focus of this paper – different renovation designs were 
proposed to improve the visual and acoustical quality in the pedestrian area. Visually, different 




and V4). Acoustically, noise barriers of different heights were introduced in each design to 
reduce the noise levels on the bridge (S1, S2, S3 and S4). 
 
1.2.1. Visualization 
The visualization was created with high detail and realism using the 3D Studio Max software 
and Unity Game Engine (see Fig. 2.3). The Oculus Rift DK2 is the head-mounted device used 
to provide the virtual visual experience. 
 
Fig. 2.3: Aerial view of the virtual model and real view from the highway. 
 
The geometry of the terrain, roads, bridges and buildings was built to the likeness of the 
real visual environment, following a topographical map of the area. The textures are assigned 
as complementary maps (normal, displacement, occlusion and specular maps). Detailed ele-
ments of urban life were added: urban furniture, railings, street lights, manhole covers, bol-
lards, planters, plants and trees. To achieve a real urban environment, the typical life and 
movement in the city needs to be included. Trams were programmed to slide along the rails, 
cars and trucks were adjusted to drive on the roads. Special attention was given to the high-
way R1, since it is the main source of noise when walking on the bridge. Finally, a few virtual 
humans walking along the walkway were added. The participant is included in the virtual 
model as the first-person controller. Each participant followed the same route (see Fig. 2.4), 
settled at 3 m from the edge of the bridge. The walking speed was 5 km/h. Participants had 
the freedom to move their head both horizontally and vertically to experience the whole en-
vironment. 
The 4 different Visual designs put to the test were intentionally designed in different styles. 
They are presented in Fig. 2.4. V1 was created following a traditional style, V2 shows a modern 
style, V3 is a vegetated and rural style with careless vegetation and V4 corresponds to a whim-
sical design. 
 




Fig. 2.4: Four visual designs proposed: V1-Traditional. V2-Modern. V3-Vegetated. V4-Whimsical. 
 
1.2.2. Auralization  
Since studying the soundscape is an important target in this research, the audio creation 
has been carefully developed. Of particular importance is the traffic noise generated by the 
highway vehicles and the shielding of this noise provided by the different noise barriers. 
The four virtual sound environments are the result of the summation of two classes of 
sounds: the invariable and the variable ones. 
The invariable sounds remain identical in the four soundscapes and originate from point 
sources on the bridge at distinct moments. The sound of the tram, different individual cars 
passing by and the sound of the character controller’s footsteps form this group. They are 
monaural recordings applied directly in the virtual model as a single source attached to the 
moving source element. These sounds add realism to the bridge’s virtual sound environment. 
Additionally, they play an important role by providing an auditory frame of reference for the 
participants (Turchet, Nordahl, & Serafin, 2010; Visell et al., 2009). 
The variable sounds correspond to the predicted traffic noise from the highway. They are 
different in each virtual sound environment and correspond to the traffic noise coming from 
the highway and received by a pedestrian while walking along the bridge at 3 m from its edge, 
including the presence of a barrier. These sounds are present all the time during the walk; 
their intensity depends on the position of the person controller relative to the length axis of 
the highway. The sound of the highway and the sound of the birds from the park that can be 
heard at the end of the walking experience are part of this group. These sounds are obtained 





a) FDTD prediction 
The highway noise shielding provided by the 3 noise barriers (1.2 m, 2 m and 3 m height) 
(see Fig. 2.5) was calculated for a pedestrian on the walkway, at 3 m distance from the edge 
of the bridge, corresponding to the first-person controller’s position. Due to the high compu-
tational cost of the FDTD technique, the calculation was limited to 2 dimensions, which is how-
ever suitable for a longitudinal geometry with a constant section like a bridge (see Fig. 2.2). In 
addition, a 2D to 3D correction was applied to account for differences in free field propagation 
for point and line sources (Heutschi, 2009). A perfectly reflective material was assigned to all 
surfaces, including the barriers. It was further assumed that all barriers are perfectly sound 
insulating (meaning that sound enters the receiver zone by diffraction only). The difference in 
acoustic performance between the barriers is only due to their changing heights. Sound emis-
sion from the highway was modelled as a distribution of incoherent point sources. A horizontal 
plane of receivers was positioned along the bridge at 1.5m height, with a width of 1 m over 
which averaging was performed (Table 2.1).  
 
Fig. 2.5: Four noise barriers and sound environments proposed: VS1- common rail, no sound barrier. VS2-
concrete opaque, 1.2 m barrier. VS3-concrete vegetated with upper part in glass, 2 m barrier. VS4-concrete 
opaque with oval windows, 3 m barrier. 
 
Table 2.1.  1m average Insertion loss for pedestrian positioned at 3 m from the bridge edge (dB) 
Barrier height (m) 125 Hz 250 Hz 500 Hz 1000 Hz 
1.2 -4.5 -4.8 -6.6 -8.1 
2 -5.6 -7.0 -9.5 -11.8 
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b) Recording and auralization 
A Soundfield ST350 Portable Microphone System was used to record to a B-Format file the 
current highway traffic noise reaching a pedestrian walking from the beginning (A) until the 
end of the bridge (B) (see Fig. 2.1). Since the bridge under study also carries a lot of local traffic, 
the recording was made while walking over a nearby pedestrian bridge, ensuring that pure 
highway noise was recorded. Simultaneously, a calibrated type 1 Svantek 959 Sonometer was 
used to measure sound level in 1/3 octave bands to set a reference level for the playback of 
the recording. Additionally, a GPS tracker application for mobile phones stored the geograph-
ical position of the route. In the auralization procedure, the first-order ambisonics recording, 
encoded in B-format, was decoded as Hexagon format in Visual Virtual Microphone software 
and converted into 6 mono files to be reproduced by 6 loudspeakers surrounding the listener. 
The calculated insertion losses of the noise barriers were used to filter these 6 signals. 
 
c) Reproduction 
The Unity software is capable of simulating a dynamic audio environment in a 3-dimen-
sional space in real time, reproducing it through a head tracked headphone system. The re-
production of the variable sounds (highway) in Unity consisted in playing back the six mono 
files through virtual loudspeakers of a plane hexagonal virtual surround audio system. This 
configuration was preferred over the non-equidistant 5.1 or 7.1 as it has no preference direc-
tion and hence the user could move his head also to look backwards. This system does not 
allow localization outside the horizontal plane. This choice was made because human audition 
is less sensitive to vertical position, but also because modifying the direction of arrival for 
sound diffracted over a barrier is not straight forward. The virtual loudspeakers were located 
equidistantly around the character controller at 1.5m distance and assigned a parallel move-
ment and speed, correspondent to the recording. No further modification was added within 
the Game Engine software except for the gradual volume difference between the Audio 
Sources at the side of the barrier and the ones at the other side of the person controller. The 
latter were slightly reduced to compensate the width difference between the simulated vir-
tual bridge and the pedestrian bridge where the initial recording was taken. The audio repro-
duction needed to be synchronized in time and space in the virtual model. The highway traffic 
intensity and composition near the bridge was estimated based on the moment of the record-
ing. Due to the continuous character of the sound from the busy highway, sound emission 
from individual vehicles was not modelled since human listeners would not perceive this. The 
invariable sounds in Unity consisted of mono audio recordings of the different vehicles pass-
ing. Since these sounds are not evaluated in the research, the audio accuracy is not so critical 
hence the auralization for moving sources provided by the Game Engine was used. Finally, 








The overall sound exposure of the participants crossing the bridge in the VR experiment 
was calibrated for the no-barrier case. This was done in a quiet room using a B&K head and 
torso simulator (HATS) type 4128C (Brüel & Kjær, Denmark). The traffic sound from the high-
way during the virtual walk was registered by the Brüel & Kjær’s PULSE LABSHOP software 
(see Fig. 2.6a). The HATS itself was first calibrated using a pistonphone emitting a signal of 
124dB for both right and left ear.  
  
Fig. 2.6: a) Equipment used for calibration. b) Equipment used for Virtual reality experiment. 
The equivalent A-weighted sound pressure level (LAeq), which was simultaneously meas-
ured while performing the first-order ambisonics recording on the bridge with a free-field mi-
crophone and class 1 measurement equipment, was used to adjust the sound volume in the 
Virtual Reality reproduction environment with headphones. The LAeq of the correspondent vir-
tual sound walk (S1) was measured with the HATS looking constantly to the front (parallel with 
the bridge’s edge). The spectra of the virtual walk by the HATS with headphones and the meas-
ured free-field microphone showed to be similar, while the LAeq was very close. Note that for 
this comparison, the average of the left and right ear of the HATS was taken (Table 2.2). The 
LAeq values measured in the virtual experience (Diff of LAeq in Table 2.2) are consistent with the 
barrier shielding effect calculated with FDTD (Table 2.1). 
 



















no barrier 76.1 76.9 76.5 _ 0.8  
1.2 68.0 69.2 68.6 7.9 1.2  
2 64.5 66.0 65.3 11.3 1.5  
3 63.4 64.8 64.1 12.4 1.4  
Measured reference for calibration: 75. 8    
 
 




Participants from 18 to 50 years old were invited to take part in the experiment by means 
of informative flyers and posters distributed in the city of Ghent. The experiment was per-
formed over a period of two months during summer 2016. The experiment was announced as 
a living environment experiment using virtual reality and the oculus headset. Sound, acoustics 
laboratory, and similar words that could indicate the real goal of the experiment were care-
fully avoided. 75 persons completed the experiment and received a reward of 50 euros. The 
majority of participants were younger than 35 and highly educated. They were all pointed at 
the health and safety warnings by Oculus. This study was approved by an independent Com-
mission for Medical Ethics with the registration number BE670201628136 (31-03-2016), and 
is carried out according to the guidelines of Good Clinical Practice (ICH / GCP) and the Decla-
ration of Helsinki for the protection of people participating in clinical trials. All participants 
signed an informed consent form. 
2.3.2 Schedule. 
Participants experienced the predetermined virtual walk over the bridge for the different 
renovations scenarios. The participants had no control on the exact path, nor on the walking 
speed. Each walk lasted for 2 minutes and 52 seconds. During the experiment, they sat on an 
ischiatic support stool to provide safeness while their position is close to standing upright since 
the VR simulated a walk (see Fig. 2.6b). The whole experiment consisted of two distinctively 
different parts. For the first part, participants were asked to attend on four different days. 
During each day, four different visual designs were presented combined with exactly the same 
sound environment. On the subsequent day, visual designs were kept the same while the 
sound environment had changed, yet without informing the participants that were led to be-
lieve that they were evaluating four slightly different designs. This experimental design eluded 
direct comparison between the sound environments. Details of the experimental design can 
be found in Table 2.3 (day 1, 2, 3 and 4a). Note that this means that on each day only one of 
the visual designs corresponded to the actual soundscape (the so-called true-combination). 
The order of presentation of both the visuals and the sounds were randomized between par-
ticipants. 
The second part is an informed assessment (see day 4b in Table 2.3). Participants were 
given a list of sounds and visual design elements that they should evaluate before being ex-
posed to the 4 true audio-visual combinations (VS1-VS4).  
The experiment was introduced and guided by the same interviewer during all 4+1 sessions 
following a strict protocol. This guarantees that there was no bias caused by the way the ex-





 Table 2.3. Schedule for the Experiment (16 environments) 
  Visual 1 Visual 2 Visual 3 Visual 4 
Day 1 = Sound 1  
(No inf.) 
VS1 V2-S1 V3- S1 V4- S1 
Day 2 = Sound 2 V1-S2 VS2 V3-S2 V4- S2 
Day 3 = Sound 3 V1-S3 V2-S3 VS3 V4-S3 
Day 4a=Sound 4 V1-S4 V2-S4 V3-S4 VS4 
Day4b =S1-S2-S3-S4  (Inf) VS1 VS2 VS3 VS4 
* Environments with bold letter (VS) correspond to the true-combination of Sound and 
Visual 
 
2.3.3 Questionnaire  
Participants were asked to experience the environment as a pedestrian within the urban 
context previously described. Immediately after each walk taken on day 1 till day 4a, the fol-
lowing question was asked: (1) how would you rate your experience while passing this bridge 
to go from the city centre to the park? Answers could be given on an 11-point linear scale with 
textual description of the endpoints: “very unpleasant” (-5) to “very pleasant” (+5). The scale 
was chosen bipolar to divide the positive and negative responses with a neutral point to in-
clude impartial answers. The 11 point scale gives sufficient definition.  
After the 16 environments were evaluated (see non-informed in Table 2.3), participants 
were asked to do the 4 walks again (but now with the matching sounds: true-combination). 
This time however, they were well-informed about the visual and sound elements that could 
be of relevance and that they will be asked about after the experience. This way, it is expected 
that they will pay attention to both the sounds and visuals (see day 4b in Table 2.3). At the 
end of each walk the same question (1) was asked. Additionally, the participants were invited 
to rate each audio and visual element with the following two questions: 
 (2a) Rate how much you liked the following visual elements in the urban envi-
ronment: the colour of the pavement, the tiles on the pavement, the design of 
the barrier, the design of the urban furniture, the design of the bench, the de-
sign of the planters, the vegetation on the bridge, the openness of the space 
and the presence of other persons (answers could be given for each of these 
elements on an 11-point linear scale with textual description of the endpoints: 
“I did not like it at all” (-5) to “I liked it a lot” (+5)).  
 (2b) Rate how annoying or pleasant these sounds were in the environment: the 
car passing by, the tram passing by, the highway and the birds (answers could 
be given for each of these elements on an 11-point linear scale with textual 
description of the endpoints:” very annoying” to “very pleasant”). 
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After the whole experiment, two questions assessing the opinion of the participants about 
the realism of the Virtual experience were posed:  
 (3a) Rate how much you felt physically immersed in each environment (an-
swers could be given on an 11-point linear scale with textual description of the 
endpoints: “I didn´t feel immersed at all” (-5) to “I felt totally immersed” (+5)).  
 (3b) Rate how real this walking experience was (answers could be given on an 
11-point linear scale with textual description of the endpoints: “Not realistic” (-
5) to “Very realistic” (+5)). 
2.3.4 Hearing test 
A pure tone audiometric test was performed to check the hearing capabilities of each par-
ticipant. The criterion was 25 dB maximum allowable hearing loss at threshold at the frequen-
cies of 250, 500, 1000, 2000, 4000 and 8000 Hz. This objective test was complemented by a 
self-assessment: 3 participants reported abnormal hearing and their answers were excluded 
from the study. 
 
3 Results and discussion 
The presentation, analysis, and discussion of the results contain several parts. Firstly, the 
main question is addressed: does the sound environment influence the pleasantness of using 
a route even if the attention of the user is not focussed on sound. In addition, it is investigated 
whether different visual designs interact with the sound environment. Secondly, the effect of 
the participant being informed about the elements in the design – including sound –is as-
sessed. Thirdly, the preference of the visual and sound elements present in the urban scene is 
evaluated. Finally, the feeling of immersion and realism of the Virtual Reality experience was 
asked for to check the ecological validity of the experiment. 
For the first three questions, 71 respondents with good hearing capabilities out of 75 that 
completed the experiment were considered in the statistical analysis. For the final research 
question, only 42 participants answered question 3a and 3b and were considered in the anal-
ysis. 
3.1 Influence of sound on the overall urban environment 
For the first part of the experiment (non-informed), a multi-factor Analysis of Variance was 




dio-visual combinations (Table 2.3). The dependent variable was the pleasantness and the in-
dependent variables were the person (ID) used as a random factor, the four different sound 
environments (S) and the four visual environments (V) (Table 2.4). There is no multi-collinear-
ity due to the independence of factors. The distribution is close to a Gaussian one, slightly 
tailed to the lower responses with centre around a value of 1.5. The standard deviations of 
pleasantness rating for the 16 combinations Visual-Sound was within the range 1.20-2.36. 
There is no correlation between the variables by construction of the experiment since all the 
participants were exposed to all possible combinations of sounds and visuals.  
 
Table 2.4. Summary of the multi-factor analysis of Variance (ANOVA) test. The pleasantness is 
the dependent variable. Only the non-informed responses are considered here. All combination 
(including the true combinations) between visual and sound are included. 
Source Sum Sq. d.f. Mean Sq F Prob>F 
ID (person) 1451.67 70 20.738 2.7 0 
S (sound)  50.21 3 16.738 5.38 0.0014 
V (visual) 702.13 3 234.043 41.12 0 
ID*S 653.79 210 3.113 2.75 0 
ID*V 1195.37 210 5.692 5.03 0 
S*V  16.44 9 1.827 1.62 0.1072 
Error 712.56 630 1.131   
Total 4782.17 1135    
 
 
The average pleasantness ratings on an 11-point scale from -5 to +5 are shown in Fig. 2.7. 
The different soundscapes considered are presented in colours and grouped per visual. The 
true-combinations are indicated with VS1, VS2, VS3, and VS4. The asterisk represents the 
cases that are significantly different from all the other cases for a given independent variable. 
  
Fig. 2.7: Average pleasantness rating for all combinations of Sounds (S) and Visuals (V). Non-informed an-
swers. *=Significantly different from the rest of the cases considered. 
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The sound environment affects the pleasantness rating of the experience of passing the 
bridge in a statistically significant way (F=5.38 p<0.0014). Thus, the sound environment influ-
ences overall pleasantness even when a direct comparison is not possible since different 
sounds were presented on different days.  
Sound, however, has a smaller effect than the visual environment as the total amount of 
explained variance is smaller. A major influence of the visual setting was found. Results in 
Table 2.4 show that differences in pleasantness rating between the four visuals considered 
are strongly statistically significant (F=41.12, p<0.001). The fact that the 4 visuals are displayed 
on the same day needs to be considered in this comparison since it enables to directly com-
pare them.  
When considering interaction terms between person (random factor) and sound or visual, 
we notice that both are statistically significantly different from a zero interaction effect. Per-
sons react differently both to sound and visual in their pleasantness rating. Visuals have a 
somewhat stronger interaction with persons than sound. 
Finally, an interaction effect between sound and visual, without considering personal fac-
tors, was found. However, the 5 % significance level is not reached for this interaction term. 
The aforementioned independent factors and their interaction terms explain a great deal of 
the variance since the remaining error is rather limited. 
Post-hoc analysis reveals that visuals V2 and V3 are significantly different from the rest. 
The great majority of participants rated the vegetated visual (V3) by far as the most pleasant 
one. This result agrees with previous work confirming the pleasant perception of vegetation 
(Hong & Jeon, 2013; Hong & Jeon, 2014; Van Renterghem & Botteldooren, 2016). The least 
pleasant visuals were the conventional (V1) and the whimsical (V4). The latter are not statis-
tically different. 
The mean pleasantness rating of S1, considering all visuals, is significantly different from 
the rest of the sound environments (see Fig. 2.7). This indicates that the main difference is 
found between the sound field without traffic noise reduction and the ones with a noise bar-
rier. The noisiest soundscapes (S1, S2, and S3) get the lowest ratings in pleasantness when 
combined with visual V4. However, the rating increases for the SV4 case, where visual matches 
sounds. This could be explained – to some extent – by the congruency hypothesis (Ge & 
Hokao, 2005; Lindquist, Lange, & Kang, 2016). The large reduction in level provided by a strong 
visual barrier matches people’s expectations, positively affecting general pleasantness. The 
combination V1S4 could have a similar cause, but now leading to reduced pleasantness. 
In a relative way, the 1.2 m height barrier (S2) increases pleasantness much more than the 
2 m barrier (S3) or the 3 m barrier (S4). The noise reduction that the 1.2 m noise barrier pro-
vides to the pedestrian is already quite high, despite the small height of the barrier (Table 2.1). 
Higher barriers achieve a slightly larger reduction. However, incrementing 1.2 m to the 2 m 




The above analysis allows drawing a relevant conclusion: to increase the pleasantness for 
walkers on this bridge, only increasing the height of a barrier to achieve higher noise attenu-
ation is not very efficient.  
3.2 Focused analysis of the audio-visual environment: 
In the second part of the experiment, participants were asked about specific elements of 
the visual and sound environment prior to experiencing the walk and hence are expected to 
pay attention to sounds and visuals (i.e. the informed experiment). 
The ratings between being uninformed and informed for each of the four true-combination 
environments are juxtaposed in Fig. 2.8. Results show that pleasantness is rated slightly lower 
when people are informed.  
 
Fig. 2.8: Comparison of pleasantness ratings between being non-informed and informed about the assess-
ment of visuals and audio elements. Only true combination of visual-sound. The asterisk represents the 
cases that are significantly different from all other cases (within a single factor). 
 
A second multi-factor ANOVA assesses only the results from the true combinations be-
tween sound and visual (Table 2.5). Being informed or not is coded to an additional variable 
and person (ID) is considered again as a random factor. A general statistically significantly dif-
ference between being informed and non-informed is found, obtaining a lower pleasantness 
rating when informed (F=6.99, p=0.01). Most likely, people will focus more on the highway 
noise and could take it stronger into account while rating. Similar effects were found in other 
noise-related studies (Van Renterghem, Bockstael, De Weirt, & Botteldooren, 2013).  
There are no significant interaction effects between being informed and the audio-visual 
design (Table 2.5) implying that although being informed leads to lower pleasantness ratings, 
this lowering is independent of the audio-visual design that is being evaluated.  
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Table 2.5. Summary of the multi-factor analysis of variance (ANOVA) test. The pleasantness is the depend-
ent variable. The non-informed and informed values are considered. Only the true-combination between 
sound and visual are included. Person ID is included as a random factor. 
Source Sum Sq. d.f. Mean Sq F Prob>F 
ID (person) 699.39 70 9.991 2.31 0 
SV (sound and visual) 478.29 3 159.43 40.55 0 
Informed 10.17 1 10.169 6.99 0.0101 
ID * SV 825.71 210 3.932 3.68 0 
ID * Inf. 101.83 70 1.455 1.36 0.0501 
SV * Inf. 4.41 3 1.469 1.37 0.2517 
Error 224.59 210 1.069   
Total 2344.39 567    
 
When sound and visual matches (true-combination), the four different environments be-
come more differentiated being all significantly different from each other in pleasantness rat-
ing. The order of preference of the environments (SV3, SV2, SV4, and SV1) is similar to the 
non-informed assessment, except for the differentiation of the last two cases, being the least 
pleasant environment SV1, correspondent to an absence of a traffic noise reduction measure 
and a conventional urban design. This case is similar to the current situation, and stresses the 
necessity of renovation of the bridge. Additionally, only in the true-combination of sound and 
visual, people appreciate the high barrier more than the open visual.  
In order to further understand the differences in the preference of the four environments, 
the participants were questioned about the dominant sound and visual elements (Question 
3a and 3b). The liking rate of each visual and sound element present in each urban proposal 
is shown in Fig. 2.9. Only the true-combinations between sound and visual are included. 
 
  
Fig. 2.9: Liking ratings for visual and sound elements. True-combination Visual-Sound. Informed. Median and 






Some visual elements have very different ratings in the different urban settings, whereas 
others have similar ratings in all cases. The barrier, furniture and bench design were perceived 
very differently. The degree of liking of these elements agrees with the general pleasantness 
rating of the experience (see VS1, VS2, VS3, and VS4 in Fig. 2.8), indicating the potential of 
these elements to contribute to the pleasantness of the experience. The preference of pave-
ment colour and tiles does not vary in the different models, but they are slightly more pre-
ferred in the vegetated environment (VS3), which can be due to the attractiveness of natural 
pavements made of wood and grass. The openness of the landscape gets similar rates with 
exception of the fourth Environment (VS4), where the open view is considerably reduced and 
the tallest barrier is strongly disliked. This confirms the findings from other research where 
the sonic ambiance was perceived in a positive way when the visual space is kept open (Marry 
& Defrance, 2013). Furthermore, the liking is similar for small barriers and barriers including 
glass allowing for an open view. The first environment gets a contradictory slightly lower rating 
of openness despite it is the case with the most open view. This rating might show that exces-
sively open space could negatively affect the personal preference. In this case, the reason 
could be the light balustrade, which provides a feeling of unsafety to falling down from the 
bridge. The preference of the presence of other people is very similar in all cases. It only gets 
a slightly lower liking in the green case (VS3), entering the negative part of the rating scale. 
The planters and vegetation which are only present in the second and third case always get 
positive ratings, especially in the 3rd environment (VS3). 
3.2.2 Sounds:  
The liking ratings of the sound elements show that the car, tram and highway were rated 
negatively while the birds sound was rated positively. Previous work demonstrated the im-
portance of bird songs to enhance soundscape pleasantness (De Coensel, Vanwetswinkel, & 
Botteldooren, 2011). All sounds got similar ratings in all environments except for the highway 
sound. This is logical since the sounds are the same in each environment except for the high-
way noise. Therefore, the different visual settings don’t influence considerably the preference 
of individual sounds. The rating of the highway sound is consistent with the sound pressure 
level, showing that people accurately perceived the traffic noise reduction when they were 
asked to focus on environmental sounds.  
 
3.2.3 Realism of the virtual experience  
The Virtual Reality model was considered to be immersive by the participants as shown in 
Fig. 2.10. Also the rating of realism showed mostly positive values. However, especially the 
youngest participants were the most critical ones. They pointed to the limited resolution of 
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the Oculus screen. It is expected that the technological evolution in such instruments will 
strongly improve in the near future, further increasing the realism of the visual experience. It 
can therefore be concluded that Virtual Reality is a realistic mean to assess the quality of fu-
ture urban design.  
  
Fig. 2.10: Rating of Feeling of Immersion in the Virtual Urban scene and Realism of the walking experience in 




Four different visual designs and four sound environments for a bridge connecting the inner 
city to a large park were compared in a 3D virtual audio-visual environment by 71 persons that 
had no prior knowledge of the place. During the experiment, the participants were asked to 
rate their experience while passing this bridge to go from the city centre to the park on an 11-
point scale with end points “not at all pleasant” to “very pleasant”.  
To investigate the influence of sound on the overall appreciation of this public space in an 
ecologically valid context where users would not particularly pay attention to sound, a careful 
experimental design was needed. During each day of the experiment, participants experi-
enced the four visual designs one after the other combined with only one sound design. On 
subsequent days the same set of four visual designs was presented together with another 
sound design. Sound was not mentioned in the introduction and participants did not enter an 
anechoic room or any other environment that could reveal our interest in the sound environ-
ment. Even in this non-focussed context, a statistically significant effect of the sound environ-
ment on the overall appreciation was found. The interaction of visual design and sound design 




interaction between person and visual, and person and sound design. The pleasantness rating 
of crossing the bridge shows an increasing trend with decreasing noise level and thus increas-
ing barrier height for noise levels that can be found above multilane highways when averaged 
over all visual designs. 
After asking the participants about different visual and sound components that could have 
been noticed, the same experiment was repeated but this time only the 4 physically realistic 
combinations of sound and vision were used. It can be expected that participants now payed 
stronger attention to these individual components as they were informed that they would be 
asked about them. This resulted in a small but statistically significant reduction in pleasure 
judgement. The relative ranking of the designs nevertheless remained the same. 
In the experimental design, the visual design was part of a direct comparison. The visual 
design has a strong statistically significant influence on the rated pleasure in passing the 
bridge. The vegetated design integrating a 2 m high barrier seems most appreciated as a walk-
way towards the park. The more urban design integrating a 3 m high barrier is not rated as 
pleasant as the vegetated design. When combined with the matching reduction in highway 
noise, this audio-visual situation is still rated statistically significantly more pleasant than the 
conventional design. However, when the matching noise reduction is not included, this whim-
sical design does not outperform the conventional one. Looking from the perspective of traffic 
noise reduction it can be concluded that noise barriers placed on a bridge across a highway 
are useful, but that the visual design of such a noise reduction measure has to be given ample 
consideration. This is important for urban practice: instead of further increasing noise barrier 
height, improving the visual design of a low barrier could be more effective in increasing pleas-
antness. 
Considering the specific elements of the audio-visual design that are liked or disliked, the 
expected outcomes are found. Highway sound is particularly disliked in the original situation 
but there is little difference between the three designs with noise barriers. Barrier design, 
street furniture and the presence of green are the main elements that are liked in the vege-
tated design. The (lack of) openness is the main factor that is disliked for the design including 
the 3 m high barrier. 
The new methodology for comparing the quality of renovation alternatives for an urban 
bridge, and by extension any urban public space, was shown to be sensitive enough for com-
paring these alternatives. It is also an approach that is understandable by the public at large. 
Participants rated the experience of the virtual environment as rather realistic and immersive. 
This study nevertheless did not prove in a strict sense that audio-visual designs that are ap-
preciated as pleasant in a virtual context would also lead to real environments that are also 





Chapter 3 Personal factors 
The present chapter is partially based on the following conference paper: Personal factors affecting 
the audio-visual perception of the urban public space. (Gemma Maria Echevarria Sanchez, Timothy 
Van Renterghem, Kang Sun, Bert De Coensel, & Dick Botteldooren. Presented in Internoise Confer-
ence in Hong Kong, in August 2017). It is also partially based on the following journal paper: Personal 
audiovisual aptitude influences the interaction between landscape and soundscape appraisal (Kang 
Sun, Gemma Maria Echevarria Sanchez, Bert De Coensel, Timothy Van Renterghem, Durk Talsma, & 
Dick Botteldooren. Published in November 2017 in Frontiers in Psychology, 9, 780). 
1 Personal factors affecting the audio-visual perception of 
the urban public space 
1.1 Introduction 
For a long time, there have been studies about the different responses between individuals 
to the same sensory stimulus. These differences in subjective responses are affected by ste-
reotypes, fads, traditions, attitudes, norms, values (Sherif, 1935). The consideration of per-
sonality has been an approach to understand perceptual differences (Witkin, 1949). Personal 
values are demonstrated to be determinant of what the individual selects perceptually from 
the environment hence it is important to consider the process of selectivity in any perceptual 




social, and situational variables have been proven to partially determine noise annoyance 
(Fields, 1993; Guski, 1999).  
Gender and age are one of the most considered factors in research. Some studies have 
demonstrated gender differences in specific capabilities like spatial ability (Linn & Petersen, 
1985; Voyer, Voyer, & Bryden, 1995) or verbal ability (Hyde & Linn, 1988). They are related to 
differences in functional brain organization and are partially caused by differences of sex hor-
mones (Luine, 2014). The visual perception is different in between females and males from a 
physical point of view (Jaeger, 1972), but also behavioural since they scan the visual field in 
different patterns (Efron et al., 1987). They also present different mechanisms of the visual 
processing (Bessinis, Dalla, & Kokras, 2013).  
Regarding the age, there is a difference in the brain activity between younger and older 
adults when different visual or hearing stimuli are presented (Cliff et al., 2013). Also, the ca-
pacity to focus attention is diminished with age as a result from attenuated filtering of irrele-
vant information and an increased distraction (Chee et al., 2006; Gazzaley & D'Esposito, 2005; 
Gazzaley et al., 2005). The cognitive performance has been proven to have a strong correlation 
with age, affecting the sensory auditory and visual acuity (Lindenberger & Baltes 1994) 
It has also been recently discovered that an average of 15 to 20 percent of the population 
is highly sensitive (HSP). This implies, amongst other things, the ability to perceive stimuli with 
greater intensity (Aron, 2013). Noise sensitivity is one of the factors that can cause diverse 
reactions regarding the soundscape (Stansfeld, 1992; Soames Job, 1999). Noise sensitivity was 
previously proven to be a stable personal factor influencing noise annoyance under laboratory 
conditions (Öhrström, Björkman, & Rylander, 1988) and also related to the perceived quality 
of the environment (Schreckenberg, Griefahn, & Meis, 2010). Additionally, sensitivity can af-
fect the capability of focusing attention in environments with background noise (Oberfeld & 
Klockner-Nowotny, 2016). Recent studies have demonstrated that high noise sensitivity is as-
sociated with altered sound feature encoding and attenuated discrimination of sound noisi-
ness located in the auditory cortex (Kliuchko et al., 2016). Attention is a multifaceted phenom-
enon (Styles 2006) that has been proven to be a personal trait affecting irrelevant distraction 
(Foster & Lavie, 2016). The personality and values or the attentive capacity are not the only 
factors that can affect human perception, the interest and needs of each person can also be 
determining to estimate a perceived object (Bruner & Goodman, 1947). Also, emotions can 
modulate the way we perceive our surroundings. It was found that both the loudness percep-
tion and the spatial auditory perception can be modulated by emotional significance (Phelps, 
2010).  
These findings have been applied in different fields. There is a large body of psychological 
research in the field of consumerism, where the different aspects of personality are studied 
since they affect the motivation to buy or use a product, as well as being convinced about an 
advertising message (McGuire, 1976). However, they are rarely considered in urbanism and in 
the design of urban public spaces. 
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The audio-visual interaction can also be used to improve the quality of the perceived urban 
environment as a whole, improving visual quality to compensate a not so good sound envi-
ronment, and vice-versa (Echevarria Sanchez, Van Renterghem, Sun, De Coensel, & Bottel-
dooren, 2017) (see Chapter 2). From a physiological point of view, it has been shown that the 
integration of information from multiple senses occurs at a very early processing stage and 
might be directly related to the anatomical brain connectivity in humans (Van Den Brink et al., 
2014). More specifically, the visual and auditory process demonstrate a very strong interac-
tion. Giard and Peronnet found that humans are more accurate and rapid at identifying ob-
jects based on congruent auditory and visual features than with only unimodal information. 
They also found different perceptual characteristics between people. People could be classi-
fied according to their audio-visual dominance, in auditory or visual dominant subjects (Giard 
& Peronnet, 2006). 
In this chapter, a continued analysis considering different personal factors was made using 
the experiment described in Chapter 2 that assessed different visual and audio designs of the 
same urban space by means of Virtual Reality Technology. Within the experimental procedure, 
the same participants performed different tests for their classification according to diverse 
personal factors. An independent audio-visual aptitude test was made to estimate their atten-
tion-focusing capabilities and their auditory or visually dominance (Sun, 2018a). In addition, a 
standard noise sensitivity questionnaire was conducted and other personal factors such as age 
or gender were also analysed. These personal factors may contribute to a different perception 
of the urban environment. 
Additional information is extracted from the use of the VR tool during the experiment. The 
gaze of a person usually indicates the object they are interested in (Gibson & Pick, 1963). The 
visual behaviour of consumers is commonly measured to analyse different parameters like 
decision-making processes or attention and search. The information obtained from an eye 
tracking to trace a cognitive process can be generalised to natural situations (Gidlöf, Wallin, 
Dewhurst, & Holmqvist, 2013). In this study, an eye tracking evaluation was used to assess the 
looking behaviour and the attentive tendencies of the participants in the VR experiment 
(Chapter 2) by analysing the elements of the virtual urban environment they were directly 
looking at. The looking behaviour during the virtual walk was compared to the results of the 
audio-visual aptitude experiment and noise sensitivity questionnaire. 
1.2 Methodology 
This study consists in a further analysis of the results from the experiment exposed in Chap-
ter 2 taking into account personal factors such as age, gender, the audio or visual dominant 
attention and noise sensitivity as defined in Ref. (Sun, De Coensel, Echevarría Sánchez, Van 
Renterghem, & Botteldooren, 2016). The aim was to find personal factors affecting the indi-




1.2.1 Personal factors  
The ratings of pleasantness of the virtual walk along the four matching visual and sound 
environments: V1S1, V2S2, V3S3 and V4S4 (see Fig. 3.1), were analysed according to the dif-
ferent personal factors mentioned, and compared to the overall ratings.  
 
 
Fig. 3.1 - Four visual designs of the bridge (V) and the description of their correspondent sound environment 
(S) 
 
All personal evaluations were performed once the virtual reality experiment was com-
pleted. The attentive focusing capabilities were assessed through an audio-visual aptitude 
test. Additionally, participants answered a widespread questionnaire related to their sensitiv-
ity and personal information such as age and gender.  
In the audio-visual aptitude test, four different audio-visual scenarios were presented (an 
airport, a restaurant, an aircraft and a city park). Each scenario involved a sound-deviant de-
tection exam with 3 different videos: the original recording, one where the sound of one of 
the elements on the scene was removed and one where the element was visually removed 
but the sound was still audible (Sun, De Coensel, Echevarría Sánchez, Van Renterghem, & Bot-
teldooren, 2016). 
The task consisted in detecting those environment sounds that were different from the 
others, firstly without visual information as a blind listening test (1) and next the test was 
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repeated with visual information as an audio-visual test (2). In this second part the video with 
non-matching sound and visual is a visual-deviant, which might deviate the attention from the 
correct response. 
This is considered an ecologically valid process for basic psychological stimuli (Sun, De 
Coensel, Echevarria Sanchez, Van Renterghem, & Botteldooren, 2018).  
To assess noise sensitivity Weinstein´s questionnaire was used (short Dutch variant) (Wein-
stein, 1978). The details about how it was rated are described in (Sun, De Coensel, Echevarría 
Sánchez, Van Renterghem, & Botteldooren, 2016). The results from the questionnaire classify 
the participants in 57 rather sensitive subjects and 12 not so sensitive. From the 75 partici-
pants 6 participants were discarded for different reasons. Finally, a multi-factor analysis of 
variance was undertaken for each of the personal factors considered (audio/visual dominance, 
sensitivity, gender and age). 
1.2.2 Looking behaviour 
The virtual experience was visualized not only in the Oculus headset that provides the vir-
tual experience to the participants, but also to a conventional computer screen. The image 
projected on the Oculus of each participant – thus including their head movement – was rec-
orded in a video as a safety protocol check and for a later analysis of their behaviour. The main 
objective was not to investigate possible additional differences between participants regard-
ing the elements in the urban scene they were mainly looking at. For that, eye tracking devices 
would have been used. However, clear differences between participants were found in the 
videos, which were ratifying the results obtained. In this opportunistic approach the screen-
recorded experiences of the participants were analysed a posteriori. Participants could move 
their head around freely to inspect the virtual environment and the headset allowed to in-
stantly relocate the position within the virtual environment. The projection on the screen cor-
responded to the direction of view of the participant within the virtual experience, and there-
fore, to the areas and elements they were looking at during each moment.  
 
Some reference lines were drawn on a transparent film located on the screen (see Fig. 3.2) 
to help to detect the elements in the urban scene attracting visual attention. The central area 
was considered as the area where the participant was directing the look at and the urban 
elements within the circle were assumed to lie within the focus. The main perspective lines 






Fig. 3.2 - Reference lines of perspective and central look for analysis of the looking behaviour  
The number of times the participants turned their heads to look at the cars driving on the 
highway was annotated, as well as the duration of the direct-looking, which was considered 
until the reference circle stops covering the cars. 
1.3 Results and discussion 
1.3.1 Personal factors 
The audio-visual aptitude test showed the percentage of participants that made a mistake 
in both parts of the exam:  the blind listening test (1) and the audio-visual test (2).  Two clas-
sifications were made taking into account the auditory acuity and vision dominance (Giard & 
Peronnet, 2006). A first classification was made considering only those participants that made 
no mistake in the only-audio test (Good Auditory). They are considered having good auditory 
attention (GA). 
From the group of 32 participants that made no auditory mistakes (GA), 18 participants 
never pointed at the visual-deviant and 14 made at least 1 mistake (Table 3.1). This subdivides 
the group in subjects either visually dominant (VD) or auditory dominant (AD).  
 
Table 3.1 – Participants classification 1 based on auditory or visual dominance 
Auditory Bad Auditory (BA ) Good Auditory (GA) 
32 Number of participants 43 




Number of participants _ 14 18 
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The ratings of pleasantness for the 4 matching environments (V1S1, V2S2, V3S3 and V4S4) 
under informed conditions are shown in Fig. 3.3, according to the auditory performance clas-
sification of participants: the ones that made an error (BA) and the ones that did not (GA). No 
significant differences were observed between both groups. 
 
Fig. 3.3 - Pleasantness ratings of the 4 matching virtual environments under informed conditions from partic-
ipants making errors in the auditory test (BA) and the ones who did not (GA) 
 
Fig. 3.4 shows the results after dividing the good auditory group (GA) in visual dominance 
(VD) or auditory dominance (AD). Results show similar ratings in all the environments except 
for the last one (V4S4), where a clear difference stands between the visually dominant sub-
jects (GA-VD) and the auditory dominant subjects (GA-AD). The auditory dominant partici-
pants rated the experience two points more pleasant (on an 11-point scale) than the visually 
dominant participants. This difference is statistically significant. This result is consistent with 
the preference ratings of the environment V4S4, where the visual environment (V4) was rated 
the most unpleasant while the sonic environment correspondent to the quietest sound envi-






Fig. 3.4 - Pleasantness ratings of the 4 matching virtual environments under informed conditions from partic-
ipants with good auditory skills visually dominant (GA-VD) and auditory dominant (GA-AD) 
 
The ANOVA revealed that the personal audio-visual dominance (BA, GA-VD and GA-AD) 
affects the pleasantness rating of passing the bridge in a statistically significant way (F=7.78 
p<0.0004). The dependent variable was the pleasantness and the independent variables were 
the four sound environments (S), the four visual environments (V) and the personal factors 
described above. Person ID is used as a random variable in this analysis. The sound and visual 
environment individually also have a statistically significant effect. A major influence of the 
visual setting was found (F=71.93 p<0.00). Sound has a smaller effect (F=5.04 p<0.0018). When 
considering interaction terms between this personal factor and the visuals, they are statisti-
cally significantly different from a zero interaction effect (F=2.16 p<0.0445). The people with 
different audio-visual dominance react differently to visuals in their pleasantness ratings. No 
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Table 3.2 – Summary of the multi-factor analysis of Variance (ANOVA) test. The pleasantness is the 
dependent variable. Only the informed responses and true combinations between visual and 
sound are considered here. D includes the audio and visual dominance classification 
Source Sum Sq. d.f.    Mean Sq  F Prob>F 
D: BA, GA-VD, GA-AD 53.31 2 26.654 7.78 0.0004 
S: sounds S1 S2 S3 S4 51.81 3 17.272 5.04 0.0018 
V: visuals V1,V2,V3,V4 739.46 3 246.488 71.93 0 
D*S 20.94 6 3.49 1.02 0.4115 
D*V 44.38 6 7.397 2.16 0.0445 
S*V 15.13 9 1.681 0.49 0.8818 
Error 4763.13 1390 3.427 - - 
Total 5921.84 1419 - - - 
 
No statistical significance was found between either noise sensitivity, age or gender and 
pleasantness rating for this first classification of participants. 
 
A second classification considers also the participants that made mistakes in the blind lis-
tening test (BA) together with the previous group (Sun, 2018b). These were divided in the ones 
that demonstrated good attentive capabilities in the audio-visual test (unfocused) and the 
ones that also made errors in the audio-visual part (inaccurate) (see table 3.3). In this classifi-
cation, the good listeners (GA) distracted by the incongruent visual information (VD) are enti-
tled inattentional deaf (Macdonald & Lavie, 2011; Raveh & Lavie, 2015) and the ones that are 
more apt in detecting auditory differences in complex audiovisual environments that are not 
visually distracted (AD) are considered hearing specialists (see table 3.3). 
 
Table 3.3 – Participants classification 2 based on auditory or visual dominance 





Not audio focused + not attentive 
Inattentional deaf (VD) 
29.4% 





Not good in audio + good in audiovisual 
attention 
Hearing Specialist (AD) 
14.7% 
Good audio + audio-visual attention 
 
 
According to this audio-visual aptitude classification, the ratings of pleasantness under non-
informed conditions for the matching audio-visual virtual environments show that there is a 
strong interaction between audio-visual aptitude classification and both bridge design 




In Fig. 3.5, the ratings of pleasantness related to the four visual designs under non-informed 
conditions are shown, where, all participants showed high appraisal of the vegetated design, 
and their second preference was the modern design (see Fig 3.1). However, the unfocussed 
participants found the green design less pleasant than the other groups while they highly val-
ued the first design (traditional). The traditional and whimsical design was rated less pleasant. 
However, the hearing specialist appreciated the design with the highest noise barrier (whim-
sical) much more than their peers and disliked the design without noise barrier (traditional) 
more than the others. The sound environment seems to influence their perception of the de-
signs subconsciously which is consistent with their good auditory capacity. 
 
 
Fig. 3.5- Interaction between audio-visual aptitude and bridge design. Participant classification 2.   
 
In Fig. 3.6, the ratings of pleasantness related to the four sound environments under non-
informed conditions are shown. Only the inaccurate people have an increasing pleasantness 
rating with lower contribution of highway sound, rating the noisiest environments more un-
pleasant and the quietest more pleasant.  
Hearing specialist showed more preference for the quietest sound environments than their 
peers. The unfocussed, unlike their peers, surprisingly rated the noisiest sound environment 





















D1_traditional D2_modern D3_vegetated D4_whimsical
 
CH3  75 
 
 
Fig. 3.6- Interaction between audio-visual aptitude and bridge sound environment (SPL caused by the traffic 
in the highway). Participant classification 2.  
 
The ratings of pleasantness for the 4 matching audio-visual environments (S1V1, S2V2, 
S3V3 and S4V4) under non-informed conditions are shown in Fig. 3.7. Here, the unfocussed 
rated the four audio-visual environments differently than their peers, with a small range of 
pleasantness whereas the rest of the participant’s ratings are within a wider range and show 
a similar trend. Additionally, it is noteworthy that the unfocussed ones rated the third audio-
visual environment (S3V3) less pleasant than the rest of the participants while the first is the 
most preferred environment (S1V1). This effect was already present in Fig. 3.6. Considering 
also Fig. 3.7 and 3.8, the reason did not seem to be the visibility of the source the reason, but 
the higher noise level. Here, the congruency in the audio-visual information seems to play a 
role. The reason why they find the design A3V3 and the visual vegetated design less pleasant 
(D3) can be found in the congruency of the audio-visual information, and therefore, they pre-
fer to listen to the noise of the highway if there is no barrier to shield the sound, because in 
this case the noise is expected.  
The hearing specialists feel more pleasantness in the environments S4V4 than the rest of 
their peers due to the quieter sound environment, despite it was not the most appreciated 
visual design given the high noise barrier. Comparing with Fig. 3.5 and Fig. 3.6, it seems this is 
caused by a higher pleasantness rating of the 4th visual design (whimsical). The hearing spe-
cialists are supposed to be very competent in identifying deviant sounds even under visual 
distractive scenarios, therefore this could be seen as a contradiction. However, it is possible 
that the fact of seeing a high noise barrier already induces some expectations regarding the 





























Fig. 3.7- Interaction between audio-visual aptitude and bridge design and sound environment. Participant 
classification 2.  
 
1.3.2 Looking behaviour 
From the first classification of participants with good auditory skills (GA) the procedure was 
executed once for the bridge design 4, since it was the only one showing statistical 
significance. The average values are shown in Table 3.4. 
 
Table 3.4 – Looking behaviour: looking at the cars on the highway.  VD AD 
 GA-VD GA-AD 
 Total time (s) Num. of times Total time (s) Num. of times 
average 4 1.08 11 2.28 
median 3 1 12 2 
max 18 2 23 5 
min 0 0 00 0 
 
 
The number of times and total duration that participants with visual (GA-VD) or auditory 
dominance (GA-AD) looked at the cars on the highway during the virtual walk within the envi-
ronment V4S4 under informed conditions is presented in boxplots in Fig. 3.8. Results show 
that the number of times that auditory dominant subjects looked directly at the cars was ap-
proximately double of the visually dominant subjects. Additionally, they were watching the 
cars three times longer. These results indicate that auditory dominant people pay more atten-
tion to the sound source becoming more aware of the sound environment. These results agree 
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the soundscape gains greater weight in the valuation of the overall environment increasing 
their self-reported pleasantness. 
 
 
Fig. 3.8- Number of times and duration of looking at the cars on the highway within the environment V4S4 
under informed conditions by participants GA-VD and GA-AD 
 
A general statistically significant difference between the results was found for the number 
of times participants looked at the cars on the highway (F=7.06 p<0.0138 in Table 3.5) and in 
the duration (F=7.49 p<0.0115 in Table 3.6) taking into account the Personal factor of audio-
visual dominance. 
 
Table 3.5 – 1-way ANOVA. Number of times looking at the cars 
Source Sum Sq. d.f. Mean Sq F Prob>F 
Groups 9.3416 1 9.34158 7.06 0.0138 
Error  31.7738 24 1.32391 - - 
Total 41.1154 25 - - - 
 
Table 3.6 – 1-way ANOVA. Duration looking at the cars 
Source Sum Sq. d.f. Mean Sq F Prob>F 
Groups 4.19101 1 4.19101 7.49 0.0115 
Error  1.34366 24 5.59858 - - 
Total 1.76276 25 - - - 
 
 
Taking into account the bridge designs, the number of times and the total time duration 




often and during a longer time in the bridge designs S1V1 and S2V2. Since these are the ones 
with lower barriers, the source is not visually obstructed facilitating looking at them (Sun, 
2018b). 
 
Table 3.7 – Looking behaviour: looking at the cars on the highway.  
 Gazing time 
Bridge 
designs 
Num. of times Total time (s) Average time (s) 
average median average median average median 
S1V1 2.84 3 14.58 11.9 4.85 4.00 
S2V2 2.88 3 14.48 11.6 4.50 4.06 
S3V3 1.72 1 7.81 4.6 2.97 3.05 
S4V4 1.53 1 7.19 5.7 3.83 2.95 
 
In all the bridge designs the average gazing time is longer than the median. This indicates 
that those participants who look at the highway do this for a longer time. 
 
A one-way ANOVA test was done using the factor bridge design and gazing time showing 
that it is a statistical significant factor (F=8.84, p<0.01).  
An ANOVA test considering the total gazing time with the factor bridge design and the 
personal factors considered in this research shows there is no statistical significance with  
education (F=3.03, p>0.05), gender (F=2.50, p>0.05), age (F=3.77, p>0.05) and noise sensitivity 
(F=0.04, p>0.05). The audio-visual aptitude was significant (F=2.73, p<0.05). No strong 
statistical significance was found between the factors bridge design and audiovisual aptitude. 
Considering the overall pleasantness of the virtual experience, no correlation was found 
between total gazing time and pleasantness (F=0.64, p>0.05). 
 
1.4 Conclusions 
A second analysis was made of the experiment exposed in Chapter 2, where a total of 71 
participants experienced several virtual walks in different audio-visual urban designs of a 
bridge passing over a highway. Different personal factors were assessed: the audio-visual at-
titude, sensitivity, gender, and age. 
Through an audio-visual aptitude test, participants could be classified in two main groups 
according to their auditory or visual competence: the subjects that made errors in the auditory 
test (BA), and the subjects that performed the auditory test correctly (GA). Within the last 
group with good auditory skills, a first classification was made considering the subgroup that 
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made errors when visually distracted (GA-VD) and those that made no errors (GA-AD). Alt-
hough the ability to analyse the complex auditory scene and auditory memory could contrib-
ute to the experience, we believe that the main factor that is observed here is auditory or 
visual dominance. 
Important differences between the last two groups of participants (GA-VD and GA-AD) 
were found in the appreciation of the environment V4S4, where the visual V4 (whimsical) was 
rated as the most unpleasant and the sonic environment S4 was rated as the most pleasant 
(quietest). The auditory dominant participants rated the experience more pleasant than the 
visually dominant participants, showing consistency with the personal factor of audio-visual 
dominance. This difference valuation showed statistically significant results in the multi-factor 
Analysis of Variance. This difference was found only under informed conditions meaning that 
participants were asked to explicitly pay attention to visuals and sounds during their virtual 
walk. No statistically significant differences were found for the non-informed part of the ex-
periment. This implies that when people are not observant to sound or visuals they perceive 
the environment rather similarly, but when they are attentive to sounds and visuals, their 
pleasantness ratings vary according to their personal dominance to sound or visuals. 
The looking behaviour revealed statistically significant differences in the subgroup with 
good hearing capabilities between visual dominant (VD) and auditory dominant subjects (AD). 
The auditory dominant persons showed a remarkably different looking behaviour than the 
visually dominant subjects while walking over the bridge: they looked longer and more fre-
quently at the cars on the highway. This shows that auditory people give more visual attention 
to the sound source becoming more aware about the sound environment than the visual dom-
inant subjects. They also give more importance to the soundscape in the assessment of the 
overall environment.  
Another classification according to their attentive abilities was made from the audio-visual 
aptitude test, in order to consider also the participants that made errors in the blind test. 
Participants were divided in inattentional deaf (VD), inaccurate, hearing specialist (AD) and 
unfocussed. 
The inattentional deaf and inaccurate participants rated the audio and visual environments 
similarly. This can be explained considering that both groups are easily distracted visually and 
that during this part of the experiment they were comparing visual designs without being in-
formed about the existence of different sound environments.  
However, the hearing specialists, who performed well in the audio-visual attention test even 
under visual distractors and thus having a good hearing capacity, were unconsciously influ-
enced by the different noise levels. For this group of people, providing an adequate sound 
environment seems to be especially important.  
Noise sensitivity did not affect the pleasantness ratings of the participants. This finding is 
not consistent with the conclusions from other work where the same participants were as-




showed a significant effect on the noise annoyance rating. Age also did not prove statistically 
significant differences despite other studies showing this aspect plays a role with respect to 
noise annoyance (Miedema & Vos, 1999; van Kamp et al., 2004). Gender has generally no 
significant effects on sound perception (Kang & Zhang, 2010), although some studies come to 
other conclusions. Women rated water sounds more pleasantly than men (Wonyoung Yang, 
2018), or are more annoyed by sounds made by children (Rey Gozalo, 2018). 
As a final conclusion, this study demonstrates the existence of personal factors influencing 
the perceived pleasantness of crossing a bridge over a highway. The attentive dominance to 
sound or visual elements and audio-visual aptitude strongly impacts the appreciation of the 
urban environment. This explains why personal factors could make urban environments pleas-
ant or not. The personal differences between people should be further understood to include 




Chapter 4 Urban sound planning guidelines 
Partially based on the book chapter 1: Urban Sound Planning: An Essential Component in Urbanism 
and Landscape Architecture, of the following book: Handbook of Research on Perception-Driven Ap-
proaches to Urban Assessment and Design. (Gemma Maria Echevarria Sanchez, Sonia Alves, Dick 
Botteldooren. Urban Sound Planning: An Essential Component in Urbanism and Landscape Architec-
ture DOI: 10.4018/978-1-5225-3637-6.ch001. In the book: Handbook of Research on Perception-
Driven Approaches to Urban Assessment and Design (2018). Ed. Francesco Aletta and Jieling Xiao.) 
 
Public spaces are the living rooms of cities. Apart from the infrastructures and services they 
offer, great public spaces should be places where people can enjoy the city. They have the 
responsibility to facilitate high quality city life, and offer places that can be perceived as pleas-
ant by its users fostering people’s congregation, integration, and feeling of identity and be-
longing. The attributes that provide comfort to the citizens such as cleanliness, perceived 
safety, attractive walkable spaces, and green areas are essential to promote social spaces 
where pleasant, useful, and sustainable activities can take place. Urban spaces of quality also 
need to provide users with a healthy environment. Noise is one of the most important factors 
causing environmental degradation in urban areas, deteriorating quality of life (Oiamo, 
Luginaarh, Baxter, 2015). From all the noise problems existent in cities, traffic noise is the most 
important source leading to human exposure above the European Environment Agency’s 
threshold (EEA, 2017). Only aiming at decibel reduction would not suffice in a global assess-
ment and it can lead to inefficient solutions that require very strong interventions to reduce 
noise levels. Nowadays, cities tackle noise problems a posteriori. Pedestrianizing the streets 




to all urban areas. Nevertheless, Urban Sound Planning can offer a wide variety of strategies 
that are currently not exploited to reduce this problem or even prevent it. 
Despite that sound is crucial to provide quality urban spaces, it is generally a forgotten 
variable in architecture, urban planning, and design policies. In this way cities grow indifferent 
to their soundscape. This situation can be explained by the fact that currently the sound envi-
ronment is mostly understood as only noise pollution instead of considering it as another en-
vironmental aspect of urban public space. It is mainly treated as a waste instead of using also 
its advantages to improve the quality of the urban environment. This section underlines the 
importance of starting to think about sound quality instead of only noise. A shift from the 
negative approach (reducing noise levels) to a positive (building a quality soundscape) is 
needed. This implies that Urban Sound Planning should deal with not only the noisy areas, but 
with any urban public space.  
However, generating an urban sound space of quality is not that evident in practice. There 
are no tips or protocols within architecture or urban sound planning context to be used as 
guidance. Architects need knowledge and tools to be applied within the discipline of urbanism 
to generate urban soundscapes of quality. The growing demand for a quality sound environ-
ment asks for the integration of acoustics in Urbanism in what it is called “Urban Sound Plan-
ning”.  
In this section, the findings of the present research are applied together with previous dis-
coveries within the context of Urban Sound Planning. An effort to conciliate traffic with urban 
liveability was made providing guidelines and examples to reduce noise problems and to guar-
antee a quality sound environment. This requires the consideration of sound in the whole 
process of the urban project (from the early stages) and at all scale levels (from macroscale to 
microscale). Additionally, the sound qualification criteria of the space depend also on the in-
formation contained in it, the context in which it is perceived and the social and cultural mean-
ings. 
The content of this chapter is organised in three parts related to the different approaches 
discussed in previous chapters. The first approach (Section 4.1) makes use of noise control 
measures to reduce noise in the city from an architectural and urban planning point of view, 
providing a summary of useful guidelines for architects and urban planners to start consider-
ing the aspect of noise in the urban planning process. A compilation of design solutions are 
provided here, including the findings of the research in Chapter 1. The second approach (Sec-
tion 4.2), describes urban sound design from a soundscape perspective and presents practical 
examples on how to integrate it in urban planning. Here, the proposed method to compare 
the quality of future urban renovations and the consideration of personal factors are included. 
Finally, in Section 4.3 the application of this advice is framed within the concept of future 
urbanism. The city of the future (“smart cities”) needs an appropriate sound environment. An 
approach to the implementation of Urban Sound Planning in a smart urbanism is provided 
here. 
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1 Urban noise preventive measures  
All the components defining the urban public space can have an influence on the urban 
sound environment. Therefore, it is important to be aware of the acoustical impact of the 
urban projects in order to avoid noise problems or at least minimize them. In this section, 
different suggestions are provided within the urban sound planning context to create a sound 
environment that matches the expectations of the users, promotes health and well-being, and 
supports the identity of the place. 
In many cities the main causes of noise annoyance are in order of importance: road traffic, 
neighbours, rail traffic, and air traffic. Occasionally recreation noise appear amongst this 
shortlist depending on climate and culture. To study the effect of the road systems in a future 
development of a city, a macroscale urban approach with a broad evaluation of all the differ-
ent factors playing a role (e.g. land use, transport, accessibility) is needed. Urban traffic flow 
can be calculated based on different road network models. The consideration of the spatial-
temporal variability and the natural growth of the city should be also considered (Calixto, 
Diniz, & Zannin, 2003). The key elements where urban planning, land use planning, and mo-
bility planning could minimize road traffic noise can be applied in the first stages of the urban 
planning process. The mobility planning and the land use planning need to establish a common 
sustainable plan to guarantee the noise exposure under recommended levels. Each of these 
factors could be specifically optimized to prevent noise (Li, Tao, Dawson, Cao, & Lam, 2002). 
 
Macroscape level. At this level, the compact-city concept could be a good model to apply, 
defining shorter distances for a more efficient transport and a higher sustainability since it 
reduces the energy consumption and pollution. The land uses need to be strategically distrib-
uted, separating residential and sensitive areas from major roads, and the road system should 
be appropriately defined, providing an efficient traffic flow to prevent traffic jams: faster for 
larger distances of traveling, and slower for shorter distances. In the case of big cities, a bypass 
can be a relief to the traffic in the centre (Yu, Luo, You & Fan, 2016) helping to improve the 
overall sound climate. 
It is worth mentioning that a functional transport network hierarchy needs to be prede-
fined too, providing an appropriate relationship between transportation and land use, while 
including a good network of public transportation such as trains connecting the main areas. 
An efficient public transport also depends on the strategic location of the main destination 
points, where to set public transport interchanges, predicting the needs of transportation of 
the citizens in their routines, establishing a direct network connection between them (De 
Coensel 2007; De Muer, 2005). The present dissertation does not elaborate on this aspect. 




The geometric aspects of the city at this scale also influence the sound field. The urban 
morphology has been demonstrated to affect sound propagation, especially the aspects re-
lated to urban density like the road and building coverage ratio (Wang & Kang, 2011). Param-
eters such as the density of buildings, street layout and building pattern can be used to control 
the distribution of noise in the cities. Buildings can be strategically used as effective noise 
barriers for sensitive areas whereas a non-homogeneous road distribution can help creating 
areas of quiet zones. However buildings can also enhance noise due to the canyon effect, es-
pecially when the distances between them are small. Therefore, their location with respect to 
the roads needs to be carefully studied.  
 
Microscape level. It is essential to optimally predefine the accessibility between the differ-
ent areas from a microscale level. Assigning roads with low traffic demand for sensitive areas 
would assure lower noise and air pollution (Tang & Wang, 2007). The routes of heavy vehicles 
should be predefined trying to avoid them approaching the sensitive areas. In some cases, 
covering main roads or placing them in tunnels can be considered taking into account the high 
cost that it might entail. 
Some other urban approaches can also be applied in a city to control and minimize the 
emission of road traffic noise. Limiting the driving speed or providing low traffic zones by elab-
orating traffic plans affecting areas with speed limitations are some examples. Traffic bumps 
are less suitable from a noise perspective (Wewalwala & Sonnadara, 2012). Lowering the traf-
fic speed can be achieved not only by enforcing speed limits. Also, the configuration of the 
road trace and the visual appearance of streets can contribute efficiently to reduce vehicle 
speed naturally. The chicane is an example that evidenced efficient results (Lee, Joo, Oh, & 
Choi, 2013). Using low noise emission road surface is another treatment that can be applied 
as an additional measure. However, this is only effective at high speeds and it has the disad-
vantage of needing maintenance. Therefore, a good plan for road surface maintenance should 
be provided in this case.  
Apart from the traffic noise management, it is important to protect pedestrians from traffic 
noise, providing and protecting quiet areas. Creating enjoyable biking and walking routes, 
where a pleasant soundscape and good air quality are assured would be needed, in particular 
for short distances. The temporal character of traffic use is another factor to consider (Statho-
poulos & Karlaftis, 2001). For instance, time restrictions could be applied for sensitive areas 
within a determined time frame. 
Regarding other sources of sound like rail traffic noise, similar concepts can be applied. For 
instance, the layout of the train tracks asks for a predefinition the same as the road layout. 
The noise caused by people can also be controlled by separating the areas intended for social 
use (commercial, entertainment, sport, or nightlife) from the tranquil and sensitive areas 
(parks, residential, hospitals, and educational). Big social events should be provided an ade-
quate space to avoid disturbance in other areas. The strategic location of buildings can shield 
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the surrounding areas. Besides that, given that people can be a source of noise, it is important 
to sensitize the citizens by organizing awareness campaigns to make them conscious about 
the importance of providing a healthy acoustic environment. Noise Awareness Day is a good 
opportunity to raise the people´s awareness of noise and its impacts. 
These advices can be considered general ways of reducing noise. Following, the next sub-
chapters focus on specific aspects of noise reduction. Section 4.1.1 reveals different methods 
to provide protection and shielding from noise and describes the architectonic means related. 
Section 4.1.2 describes efficient architectonical solutions in what has been called sound-
friendly architecture.  
1.1 Protecting and shielding 
Preventing noise exposure outdoors is normally related to reducing the overall noise in the 
entire space. However, considering only noise levels at specific needed areas (such as pedes-
trian areas or biking routes) allows more flexibility. Previous chapters have demonstrated how 
the street geometry and the dimension, shape, location and aggrupation of buildings and 
other elements in the urban scene influence the noise propagation. Therefore, these factors 
could be optimally designed and positioned to reduce noise in specific areas. To do so, a mi-
croscale urban approach is needed; the reduction in noise exposure for people living and walk-
ing next to roads is of primary concern. There are several studies that analysed the conse-
quences of geometric shapes on the sound levels in the city. From these findings the following 
architectural guidelines and tips could be compiled. 
 
1. Locating the street uses conveniently: Urban planners can promote the distri-
bution of the street uses in such a way that the pedestrian area is located in 
those areas where lower noise levels are registered. Nowadays, the cycling 
routes and pedestrian areas are often located right near the traffic road even 
when there is more space available in the street. Studying their location a priori 
can reduce the noise exposure and optimize the soundscape. In some situa-
tions, this can still be solved a posteriori by a redistribution of the street uses. 
Some examples have been already shown in this dissertation. In Chapter 2, Fig. 
1.19 shows an urban park where the bike lane and pedestrian path were moved 
further away from the noise source to reduce noise levels for users. An inclined 
low barrier was additionally included to shield them. Another example was ex-
posed in Chapter 2. In this case, the different flows on a bridge were redistrib-
uted in a rehabilitation approach (see Fig. 2.2: “Street use redistribution to im-
prove urban public space”). The pedestrian and biking areas are combined to-




side, improving the quality of pedestrian walk not only regarding the noise as-
pect, but also increasing the safety and providing a more comfortable area to 
walk and cycle. 
 
2. Promoting diffusion. Irregular shapes and surfaces will scatter the incident 
sound (Lyon, 1974). Since the scattered sound would also be directed towards 
the sky and thus leaving the street, scattering can be used to reduce street can-
yon noise levels (Onaga & Rindel, 2007). The narrower and higher the street 
and the less absorbing the building materials that are used, the stronger the 
expected effect of scattering. However, scattering of sound needs to be well 
understood. Firstly, irregularities affect only the waves that have a wavelength 
comparable to their size. Hence, only a limited range of frequencies will be scat-
tered to a sufficient extent. Traffic noise has a broad frequency spectrum, 
therefore, the dimensions of the irregularities should be from a few centime-
tres to a meter to be effective. Trees and shrubs are good for higher frequen-
cies only (Van Renterghem, Jean & Defrance, 2013). Secondly, it is important to 
know where it is convenient to apply scattering. For example, in the next image 
the pedestrian area is shielded by the noise barrier. The inclusion of trees in 
this area would provoke the noise scatter towards the walkways, increasing the 
noise at high frequencies for pedestrians.  
 
 
Fig. 4.1. Scattered noise effect in a shielded area caused by a tree. 
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3. Controlling sound reflection: The geometry of the elements present in the ur-
ban scene can be used to change the direction of the sound trajectory. The 
correct inclination of surfaces of a low barrier next to the source can reflect the 
sound directly towards the canyon opening (see Fig. 4.2), reducing the number 
of sound reflections on the façades of buildings and consequently reducing the 
reverberation time in the canyon. The balcony is an element commonly present 
in the urban scene that can help to reduce noise by inclining its surfaces (see 
Fig. 4.3). 
 
Fig. 4.2. Comparison of high frequency sound reflection with a vertical and an inclined low barrier. 
 
  





4. Adding absorption. Absorption is an effective means to reduce overall noise 
levels mainly at high frequencies in a reverberant space like a street canyon as 
it leads to effective loss of acoustic energy. Acoustic absorbing materials can be 
located along the whole propagation path. The larger the absorbing surface, 
the more effective it would be. Absorption can be considered not only a pre-
ventive measure, but also a corrective one (a posteriori). Absorption is a safer 
strategy than scattering, but typical absorbing materials are not efficient at low 
frequencies. Additionally, they are often not compatible with the harsh out-
door environment and need to be protected against weather and in some cases 
sunlight. Substrates for vegetation are an interesting alternative (Van Renter-
ghem et al., 2015). As it was demonstrated in Chapter 1, vegetated substrates 
can be an efficient absorbing material to reduce the overall sound level along 
streets. 
 
5. Providing shielding. At a slightly larger distance from the source, shielding di-
rect sound may reduce noise levels significantly. Cities provide ample opportu-
nities for shielding that are often forgotten by urban planners: buildings. They 
can be conceived as efficient noise barriers, providing noise reduction to areas 
behind them (Van Renterghem & Botteldooren, 2010). The position of the 
buildings could be strategically conceived to protect sensitive areas such as 
hospitals, schools, parks, residential or quiet areas. For an efficient shielding, 
the gaps in between buildings should be overlapped to achieve a continuous 
barrier (Ruiter, 2005). Multiple reflections in the street canyons bordering a 
shielding element like a barrier may reduce its efficiency (Watts, 1996; Wei et 
al, 2014). Therefore, introducing absorbing and scattering elements may be 
needed. Providing shielding in a more classical way through the use of screens 
and berms is efficient in many situations where a large part of the acoustic en-
ergy is received through the direct sound path. Berms are a good option when 
there is enough surface available. They additionally provide a green area and 
they are not a physical barrier since they allow pedestrian connection to the 
other side. Berms are useful next to busy roads and to limit the traffic noise 
propagation, or next to a sensitive area to provide shielding. An attractive bar-
rier in the perimeter of an urban park would efficiently reduce the noise within 
the park. However, any other physical element could be used for the same pur-
pose as long as it is integrated in the urban space. As an example, shipping con-
tainers are versatile to provide shielding and can be temporary used in events 
such as fairs or open-air concerts. The elements needed in the public space like 
urban furniture should also be optimized to provide shielding. 
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6. Using resonators. The fact that the area of concern is limited to the area of 
pedestrians is a big advantage for a better optimization of noise reduction. An-
other way to provide low noise areas close to roads is created by resonators 
that are placed in a distributed manner and can reduce traffic noise by promot-
ing destructive interferences on the edge of the road (Wijnant, 2006). 
 
Urban Sound Planning should also ensure a healthy sound environment for the people living 
in their houses. Preventing noise exposure indoors implies mainly considering noise levels re-
ceived at the windows, which are often the weakest elements along the façade. If outdoor 
noise levels remain too high, the dwelling itself can be conceived as a protective shell against 
this noise. Urban planning can be a useful mean to encourage the location of façades and 
windows in the optimal positions to prevent sound from directly hitting the window. Some of 
the architectural solutions to be applied in the building to avoid indoor noise problems are 
explained below: 
 
1. Façade and window insulation: the window is often the weakest element of 
the façade and it is important to provide it with a good insulation. The use of 
double or triple acoustic glazing can be a good option. However, this measure 
may not protect from low frequencies (Løvholt, Madshus, & Norén-Cosgriff, 
2011). Furthermore, this is not working when the windows need to be opened 
for ventilation. Hence, alternative ventilation systems including mufflers in 
combination with forced ventilation should be provided. 
 
2. Room location: the location of the bedrooms at the quiet side of the building 
is especially important to protect sleep from noise disturbance. Also, from an 
urban planning point of view, these quiet façades need to be guaranteed. It is 
demonstrated that the location of bedrooms at the quiet façades reduces the 
noise annoyance in the rooms located facing the roads (Öhrström, Skånberg, 
Svensson, & Gidlöf-Gunnarsson, 2006; Timothy Van Renterghem & Bottel-
dooren, 2012). 
 
3. Window position: the orientation and location of the windows on the façade 
facing the road can avoid the direct exposure to traffic noise (Lam, Elliott, 
Cheer, & Gan, 2018). The fixed position of the windows makes it rather easy to 
prevent or control the noise that they receive. The shape of the façade can be 
designed in such a way that it provides shielding to the windows. Some exam-





1.2 Sound-friendly architecture 
Although protection and shielding are most efficient, it is often forgotten that also small 
architectural decisions can influence levels of unwanted sound. In this section, some guide-
lines are presented related to the urban canyon shape. As explained in the first chapter, the 
shape of the urban canyon can have a strong effect on the traffic noise exposure and a careful 
design of its geometry can improve the urban sound climate (Echevarria Sanchez, Van Renter-
ghem, & Botteldooren, 2015). These solutions which are applied within the microscale level, 
can perform as preventive measures when considered in the first stages of urban planning or 
as a corrective measures (a posteriori). 
 
The effect of geometry variation in pedestrians’ noise exposure is represented in the fol-
lowing Fig. 4.4. 
 
 
Fig. 4.4. Urban canyon shapes. Traffic noise exposure for pedestrians. 
 
a) General shape of the buildings (see Fig. 4.5). The buildings are the biggest elements 
in the urban environment and their presence increases the reverberation time in the 
streets. They can help to reduce the reflections between buildings and therefore, 
the sound pressure levels. The achieved effect modifying the general shape of a 
building is below 2 dB(A) for a typical traffic noise spectrum (50 km/h) and under the 
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conditions studied in Chapter 1. Compared to the typical flat vertical façade, a flat 
upwardly inclined or a concave façade would reduce noise exposure by reflecting 
the sound upwards towards the canyon opening and reducing the reverberation 
time. On the contrary, flat downwardly inclined shapes increase the number of re-
flections and the reverberation, increasing the noise levels. These cases should have 
a high absorbing material to reduce this disadvantageous effect.  
Fig. 4.5. Convex shape in project for ARTP Headquarters in Algeria by Mario Cucinella. Kio towers in Madrid 
Philip Johnson y John Burgee. Concave glass façade in German Pavilion, Expo 2000 by Wund group. General 
shape of buildings. 
 
b) Prominences on the façade (see Fig. 4.6). The façades are a perfect frame elements 
that can help reducing the overall noise levels. Either for placing absorption on the 
façade, irregular shapes to promote diffusion, or reflective shapes that direct noise 
directly towards the canyon opening. In Chapter 1, the addition of triangular promi-
nences on the façade are used to shield each window from the traffic noise, achiev-
ing important reductions in the exposure on the windows. Some examples ordered 
from the lowest to the highest efficiency are shown in Fig. 4.6. It is important to 
consider that any interventions carried out in the first storeys would affect mainly 
the exposure for pedestrians and on the first floors, whereas the interventions 
throughout the whole façade would affect the exposure mainly on the windows in 




Fig. 4.6. Kiefer Technic Showroom by Giselbrecht and Partner Architects. Prominences on façades. 
 
c) Recess on the lower storeys (see Fig. 4.7). A setback located in the first floors as an 
arcaded gallery can also decrease the exposure for pedestrians. Janczur assessed the 
recess of façades and building position to reduce noise levels (Janczur, Walerian, & 
Czechowicz, 2011). This solution was also studied in Chapter 1 and its effectiveness 
can be compared with the rest of the preventive measures. The main advantage of 
this solution is that it allows the pedestrian to walk at further distance from the 
source. To increase its efficacy, absorption could be placed on the walls and ceiling. 
 
Fig. 4.7. Recess on the lower storeys in a Spanish village. Project of 100 social residential homes 
in Madrid by Gallardo Llopis Arquitectos. Recess on the lower storeys of a building.  
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d) Balconies (see Fig. 4.8). The balconies are a key to reduce the exposure on windows 
as they provide shielding, reaching the largest reductions of noise levels at the higher 
storeys compared to other measures (see Chapter 1). Additionally, they are strongly 
diffusing elements in the street. Furthermore, Hothershall observed that the most 
efficient location of the absorbing treatment within the balcony is the ceiling (Hoth-
ersall, Horoshenkov & Mercy 1996). El Dien studied the advantage of inclining the 
ceiling and parapet and the influence of balcony depth (El Dien & Woloszyn, 2005). 
Naish provided a guidance on optimised acoustic treatment for balconies (Naish, 
Tan, & Demirbilek, 2014). However, balconies can also provide an increment of noise 
exposure for pedestrians (see Chapter 1). To avoid this negative effect, it is advisable 
to carefully design its shape or consider the addition of absorption on the surfaces 
that reflect the noise directly to pedestrians. 
Fig. 4.8. Conventional squared balconies. WoZoCo´s apartments for elderly people in Amsterdam by MVRDV. 
Shape of balconies. 
 
e) Self-shielded windows (see Fig. 4.9). Normally windows are oriented towards the 
road. The inclination of these windows providing a self-shielding can avoid receiving 
the direct noise and has clear advantages to reduce the noise exposure on the win-
dows (see Chapter 1). Antonio Lamela intuitively designed his studio of architecture 
in Madrid applying these elements to protect the windows from the busy road in 




Fig. 4.9. architecture studio in Madrid by Antonio Lamela. 3D model of building with upwardly inclined win-
dows on façade. Self-shielded windows. 
f) Low-height noise barriers (see Fig. 4.10). A low-height barrier can reduce traffic 
noise in urban streets to shield pedestrians or façades (see Chapter 1) (Horoshenkov, 
Hothersall, & Mercy, 1999; Ding, Van Renterghem, & Botteldooren, 2011). Barriers 
are currently a common solution in noise control although not used in street canyon. 
As a preventive method, it is possible to calculate the most appropriate location, 
dimension, and shape to achieve the optimal shielding effect in a certain area. Low 
barriers are very effective close to the source or close to the receiver, and addition-
ally, they can be covered by vegetated wall substrate (Timothy Van Renterghem et 
al., 2015). Regarding the shape, the inclined barriers are more efficient than the ver-
tical ones for pedestrians and in lower storeys in a street canyon configuration or 
when present at both sides of the source. However, they could increase noise levels 
in upper storeys due to the upward reflection of the sound they cause. The small 
noise barriers have the advantage of being able to integrate into the urban space 
offering a certain use. For example, a low barrier could become urban furniture: a 
continuous bench which combines planters, bike parking or paper bins.  
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Fig. 4.10. The bp pedestrian bridge in Chicago by Frank Gehry. Shape of a low-height noise barrier. 
 
g) Absorption position on low barriers (see Fig. 4.11). Absorption on such low-height 
noise barriers was found to be essential for pedestrians. The addition of a green sub-
strate to a small vertical barrier next to the road to reduce noise level to which pe-
destrians are exposed, is very effective. The most convenient position is at the 
source side. For an inclined low barrier, however, adding absorption at this side does 
not bring further reductions. In such case, it is more efficient to place the absorption 









h) Depressed road. The configuration of the street regarding the geometry and relative 
position of the road and walkway can prevent excessive noise exposure for pedes-
trians. A depressed road and a 2 level street (see Fig 4.12) reach the largest noise 
reductions for pedestrians and for lower storeys when combined with other 
measures like the addition of low barriers, the insertion of absorption on the walls 
or the inclination of these ones (see Chapter 1). 
Fig. 4.12. Second street level in Futurama exhibit 1960. Configuration of the street in two levels. 
 
 
 Roof design. It is very important to control the noise levels on non-directly ex-
posed façades. The widely used gable roof is one of the most disadvantageous 
shapes that causes rather strong diffraction towards the quiet façade increas-
ing the noise levels there (Van Renterghem & Botteldooren, 2010). Other 
shapes such as sawed or curved roofs can strongly reduce the exposure. Fur-
ther details can be found in (Hornikx & Forssén, 2009; Van Renterghem & Bot-
teldooren, 2010). The shape of the edge could also be redesigned to reduce the 
scattering effect. The addition of absorption here is also highly recommended. 
This can be done by implementing a green roof. It strongly decreases the 
shielded façade noise load caused by nearby road traffic (Van Renterghem & 
Botteldooren, 2009). 
 
 Vegetation. Greening is also an important preventive measure, as it provides 
scattering of sound, effective absorption from growing substrates and a pleas-
ant urban space. The effectiveness of absorption has already been mentioned 
before. Vertical greenery systems at building walls show high absorption com-
pared to other building materials (Wong, Kwang Tan, Tan, Chiang, & Wong, 
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2010). In the urban space it is possible to install wall vegetation systems, vege-
tated low screens or grass areas. A combination of different green elements to 




A summary of general guidelines and the range of expected noise level reductions for traffic 
noise at 50 km/h is presented for each sequence in Table 4.1. The scope of its effects for pe-
destrians and along façades at both upper and lower storeys is also shown. 
 
This collection of architectural measures to prevent and control noise exposure in the 
streets provides some guidance. It is advised to take them into account already in an initial 
phase when designing new city developments. However, in order to provide an ideal interven-
tion, further calculations are needed using the specific geometry and conditions of the con-
sidered case. 
 
Table 4.1: Summary of guidelines within sequences and range of noise effect. 





S1 low barrier 
shape 
-4 to -9 -9 0 Inclined low barriers perform better than vertical barriers 
S2 green ab-
sorption on a 
vertical low 
barrier 
-5 to -9 -9 -2 The position of green absorption is optimal at the source 
side, except if the low barrier is inclined. Inclined surfaces to 
reflect sound towards the top of the street canyon are equiv-
alent to the addition of absorption on vertical ones. Both ef-
fects are non-accumulative 
S3 depressed 
road 
-2 to -10 -11 0 Great efficiency when placing low barriers at the edge of the 
depressed road 
S4 two level 
street 
-5 to -11 -12 -2 A two-level street is the most efficient measure at pedestri-
ans and on façades. Combined with other measures it can im-
prove its efficiency 
F1 general 
building shape 
+1 to -2 - - Full building façades in glass can increase exposure with 
6 dB(A). Upwardly inclined façades are most efficient, inde-
pendent of façade material. Avoid downwardly inclined 
shape. 
F2 setback of 
the lower sto-
reys 
-2 to -4 -4 -1 Noise reduction is proportional to the setback dimensions. 




0 to -1 0 -13 Inclined ceilings or absorptive ceilings at balconies achieve 
the highest noise reduction. The inclination of the parapet 




+2 to 0 +1 -9 Triangular prominences can control the reflection of the 









2 Urban sound design from a soundscape perspective 
The consequence of treating environmental sound as waste is that for a long time the cities´ 
environmental departments focused exclusively on reducing noise. Architects, however, have 
to provide quality spaces where people can live, and for that, noise control does not suffice. 
The quality of sound needs to be considered, not only treating the sound as a waste, but as a 
resource. Sound is a powerful tool that has the ability to provide citizens with a pleasant urban 
place. This introduces the concept of soundscape, which is a complex term involved in other 
areas of knowledge apart from acoustics such as auditory cognition and psychology.  
 
Soundscape is people's perception of the sound environment. It has been used by different 
professionals such as acousticians, composers, architects, and psychologists giving different 
perspectives to its meaning. It was defined in (ISO 12913, 2014) as “an acoustic environment 
as perceived or experienced and/or understood by a person or people in context”. Soundscape 
is a particularly useful concept for understanding and designing the acoustic environment of 
public open space. It considers the person´s mental map of the sonic space rather than the 
physical sound field itself. The quality of the soundscape can have effects on people´s health 
(Payne, 2013) and quality of life (Botteldooren, Dekoninck, & Gillis, 2011). The relation be-
tween the sonic environment and the person experiencing the soundscape is affected by many 
parameters in addition to sound, and it needs a holistic approach to be understood. The three 
dimensions approached in this dissertation need to be considered as well: 
1- The physical aspect of sound. The first dimension considers objectively the different 
sounds existing and the physical environment that will host them. In this dimension, 
the measurable acoustic properties can be used. 
2- The sensory perception. The second dimension is the multisensory perception and sub-
jective factors related to human listening. Here, perception and the attentive capabili-
ties of people are considered.  
3- The personal aspects. The perception of the sound environment can be different for 
different people, but also for the same person depending on the state of the brain and 
its reaction to sensory stimuli. In this dimension, the personal factors need to be con-
sidered from a psychological point of view. 
 
In this section, a strategy for soundscape design in the urban environment is proposed first 
focussing on the desired soundscape (the mental image of the sonic environment) and final-
izing with the composition of the correspondent sound environment (the physical sounds). 
Prior to that, it is vital to analyse the context: understanding the place, the users, and the 
relation between these two. 
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Therefore, three phases are developed in the following subsections (see Fig. 4.13). Firstly 
understanding the context, secondly, designing the soundscape and finally, composing the 




Fig. 4.13. Flow chart for soundscape design strategy. 
 
2.1 Understanding the context  
Any sound design strategy aiming towards improving people’s quality of life should start 
analysing the urban space, the activities it offers, and the people that would make use of it. 
To begin with, the area and limits of the intervention need be set, aiming to establish different 
zones of intervention -if necessary- and attending to the needs of the users and the diversity 
of people.  
The soundscape of a place needs to be congruent with its use. Besides enhancing the qual-
ity of an urban area, it also has the ability to help people understand the type of space encour-
aging its correct use (Ahern, 2018).  
The history of the place is another important aspect to consider when generating a sound 
environment consistent with its essence. The iconic places could have their correspondent 
soundscape defined and protected and the typical sounds should be protected and enhanced. 
A particular sound can also be iconic, and it should be clearly audible over a specified area. A 
clear example of this situation is the sound of the bells of a church in the main square of a 
village. The sounds originated from the relationship between the people and the place can 




At this stage it is recommended to consider not only the people that use the urban space, 
but also the ones living inside the buildings connected to that space and their activities. Sani-
tary or educational buildings fit better in a quieter urban environment around, while sportive 
or commercial activities allow a vibrant one. 
Understanding the context can be the source of inspiration helping to reach an appropriate 
approach for the acoustic intervention of the place. There are different kinds of acoustic en-
vironments.  
The quiet areas (QAs) are not necessarily silent, but those undisturbed by unwanted or 
harmful sounds, as described in Article 3 of the END (Environmental Noise 2002/49/EC). How-
ever this definition is not very precise, allowing different interpretations. Also those with silent 
background can be considered quiet areas: “background that arouses a perception of silence 
combined with a limited number of disturbing noise events” (Botteldooren &De Coensel, 
2006). Independently of quietness, quiet areas like parks should also be tranquil, providing a 
pleasant soundscape and higher levels of relaxation (Watts, 2018). The need to preserve qui-
etness and protect QAs is one of the aims of the Environmental Noise Directive (END).  
On the other hand, pleasurable acoustic environments do not necessarily need to be calm 
or quiet (Jennings & Cain, 2013). This brings us to the second dimension of soundscapes: the 
degree to which they induce arousal of their users. A soundscape can also be exciting for visi-
tors and would be called lively (Axelsson, Nilsson & Berglund, 2010).  
Some urban places need more quietness than others. Sounds in an urban area can be per-
ceived as negative factors. In these cases, higher quietness is needed. However, in other public 
spaces, sounds can enhance the character of the place and be perceived as a positive factor. 
In these cases, it would not be necessary to reduce them (Booi & Van Den Bergh, 2012). Live-
liness (LI) is an indicator of soundscape quality which describes whether the sound environ-
ment appears as alive and animated. For a vibrant urban area such as a commercial public 
space, there are sounds that increase LI of the soundscape but that would reduce its pleasant-
ness. Generally, LI is a holistic descriptor which is linked to the human presence. When the 
human presence cannot be heard because of the traffic noise, LI appears as the second factor, 
but when the traffic is less dominant in the other classes, the presence of voices is a preferred 
factor (Ricciardi, Delaitre, Lavandier, & Aumond, 2015).  
2.2 Designing the soundscape.  
The complexity of soundscape is that it needs to be treated through the lens of human 
perception. Beyond the physical sonic environment, what is perceived by the people needs to 
be foreseen first. The soundscape designer needs to create the mental image of the sonic 
world he wants the citizens to perceive as if he was an artist. Different soundscape design 
approaches are possible depending on the intention and creativity of the soundscape de-
signer. In any case, the intervention should intend to add value to the urban place. In this part 
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of the process it is important to understand some factors that play a role in the subjective 
perception of the environment.  
 
1. Sound recognition. When a sound is heard, a process of recognition starts giving meaning 
to the sound (Andringa, 2011). This is a complex process related to the context, our memory, 
and previous experiences, helping to understand not only what produces the sound but also 
the circumstances around it and its meaning. For example, when the bells of a church are 
heard, it entails a social meaning of congregation for mass that goes beyond the sound itself. 
The knowledge of the place is also a determining factor to give meaning to a sound (Niessen, 
Maanen, & Andringa, 2008). The same sound can be categorised under different principles 
and levels (Morel, Marquis-Favre, Dubois, & Pierrette, 2012). 
 
2. Auditory scene analysis (ASA). The sonic environment contains a multitude of individual 
sounds. The auditory system analyses the global scene in a pre-attentive phase and identifies 
those sounds that are already known. The implementation of familiar sounds can contribute 
to the appreciation of the soundscape based on previous experiences. It is important to be-
ware that in complex sound environments like those containing a large amount of different 
sounds, the auditory analysis can be mentally stressing and cause attentional fatigue (Payne, 
2013). On the other hand, when the contrary happens the sound environment can be per-
ceived as boring. It is therefore advisable to provide a balanced soundscape. 
 
3. Coherence.  The coherence of sound features in the auditory analysis and learning has 
been proved to be important from a neurological point of view (Shamma, Elhilali, 2011). In the 
perception of an urban space, the coherence between soundscape and urban context plays 
an important role. The urban context includes the characteristics of the urban space, its func-
tion, and the human activities it comprises. Also, the congruence between auditory and visual 
information is crucial for the perception of the environment (Viollon Lavandier, & Drake, 
2002). 
A relaxing sound ambiance does not match a dynamic space like Broadway, full of lights 
and people. This aspect can be useful to integrate a busy place with an adequate use that 
supports a noisy soundscape, creating a certain atmosphere. These are the cases of commer-
cial places, or areas related to movement. Noise can enhance a vibrant space in certain situa-
tions and make it a pleasant environment.  
In general terms, the coherence of sound with the urban space and the visual context needs 
to be provided, although some freedom is also allowed to ensure diversity in the acoustic 
environment. The inclusion of an incoherent element increases the chance of being noticed 
and it can result in a positive experience when perceived as a surprise. As a result, it can en-




4. Expectations. The personal appreciation of a soundscape is affected by the information 
from previous experience such as the knowledge about the place (Pijanowski, B.C., Farina, A., 
Gage, S.H. et al. 2011). This causes expectations of the sounds within the urban context, up-
dating the previous knowledge and influencing emotions. 
The sounds that are expected at a place are easier recognized and play an important role 
in the appraisal process providing a more pleasant experience.   
A good acoustic environment should match expectations of the people using the space. 
People that associate tranquillity with natural sounds and silence notice mechanical sounds in 
a park more easily, rating the overall quality of the sound environment more negatively. This 
demonstrates that unexpected sounds can easily trigger their attention. Additionally, their 
high expectations about the soundscape make them be more critical in the appraisal of the 
soundscape (Filipan et al, 2017). Nevertheless, a moderate degree of inoffensive expectation 
violation, which would open opportunities for “learning” could result in a more positive ap-
praisal (Botteldooren et al., 2015). Indeed, there is pleasure in learning and there is mental 
restoration in surprise and fascination. A good example is the architectural sound art Zadar 
Sea organ in Croatia, located underneath walkable marble steps next to the sea. The sea waves 
make it sound, providing a magical auditory experience, and matching the rhythm of the 
movement of the water. 
 
5. Appraisal. The appraisal of the soundscape is a term used to describe the perception relat-
ing immediately to a frame of reference of the person. It considers among others, the use of 
the place, the personal expectation, and the experience. Related to the experience is the 
meaning given to the sound environment which can be different for people (Fiebig, 2012).  
The urban sound planner should create a soundscape thinking about this concept. He could 
be compared to an artist, who composes a piece of art using colours to trigger certain emo-
tions in the observer. The same way he can compose the soundscape using sounds to provide 
certain feelings to the user of the urban space. 
There is a relationship between the way we appraise the environment around us and how it 
influences what we feel (Kuppens, Champagne, & Tuerlinckx, 2012). Therefore, descriptive 
factors are used to classify soundscapes based on feelings. The main dimensions studied for 
appraisal are the ones matching the dimensions of core affect (Axelsson, Nilsson, & Berglund, 
2010): pleasantness and eventfulness.  
Pleasantness is one of the factors most commonly used to assess the quality of the urban 
soundscape. Cain (Cain, Jennings, & Poxon, 2013; Davies, & Murphy, 2012) reports about the 
dimensions of vibrancy (interpreted as the combination between pleasant and eventful) and 
calmness (merging pleasant and uneventful). Axelsson proposed two additional dimensions 
between the previous ones varying from monotonous to exciting and from calm to chaotic 
(Axelsson, Nilsson, & Berglund, 2010).  
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Other verbal dimensions were also used for soundscape analysis in this research (Kang, Zhang, 
2010): comfort-discomfort, quiet-noisy, pleasant-unpleasant, interesting-boring, natural-arti-
ficial, like-dislike, gentle-harsh, hard-soft, fast-slow, sharp-flat, directional-everywhere, var-
ied-simple, echoed-deadly, far-close, social-unsocial, meaningful-meaningless, calming-agitat-
ing, smooth-rough. Sound descriptors such as restorativeness, perceived affective quality, ap-
propriateness, or music-likeness can also be used depending on the urban context (Aletta, 
Kang, & Axelsson, 2016). 
 
6. Personal factors. People perceive the environment very differently. For example, in 
Chapter 2, participants reported different pleasantness due to their differences in auditory or 
visual attentive capabilities. Also, their looking behaviour was different (Echevarria Sanchez, 
Van Renterghem, Sun, De Coensel, & Botteldooren, 2017). 
Demographic, social, economic and health are personal factors that can also be of influ-
ence. For example the perceived quality of life (QOL) is highly associated with the standards 
of living or the personal wealth status (Low & Lai, 2016). Age and education level are two 
factors significantly influencing the sound preference (Yu, Kang, 2010). 
In urbanism it is not obvious to create a space for different kinds of people. However, when 
the space is mainly addressed to a specific group of people, personal factors could be consid-
ered. Older people are more favourable to nature sounds or culture and human activities, 
preferring a quiet and natural space (Yang & Kang, 2005a). An urban area intended for children 
needs a very different approach from the ones for adults.  
They generally have colourful designs and offer activities that allow them play, which cre-
ates an exciting and vibrant environment. On the contrary, the areas for elderly usually pro-
vide a calm ambient and a quiet soundscape. This could be related to the complexity to read 
the environment (ASA). A young brain finds pleasure in learning whereas an aging brain finds 
difficulty. 
The consideration of the personal factor related to sound or visual sensitiveness, can be 
successfully applied in residential areas, where different types of person can be distributed in 
different areas, to resolve the acoustic needs of the most sensitive people, satisfying the needs 
of all the inhabitants. 
Involving people in co-creating public spaces would democratise citizenship, providing an 
efficient strategy to consider the different needs of all social groups and adapting the public 





2.3 Composing the sound environment  
Finally, the soundscape needs to be materialized into a real sound environment. In this 
process, sounds are the physical elements available and their acoustic quality is basically de-
termined by whether sounds are wanted or unwanted in this particular context (Brown, 2009). 
The aim of composing a sound environment is to make the users of the space notice certain 
sounds and combinations of sounds at a certain place and a certain time. Those sounds that 
the designer wants these users to notice will trigger in them a certain feeling. 
 
1. Avoiding unwanted sounds 
Unwanted sounds are those that do not fit the envisaged soundscape of the public space 
(e.g. sounds that impair health). Sounds produced by road traffic, trains, and airplanes, are 
commonly perceived as unwanted, as well as construction work noise and car horns 
(Guastavino, 2006). Also, sounds made by other people like human voices or children playing 
can be perceived as annoying (Yang & Kang, 2005b). In the design phase of the sound environ-
ment, they should be hidden from the average observer. Any traditional method of sound 
control can be used to reduce unwanted sounds, for which the sound-friendly architecture 
guidelines mentioned in Section 4.2. can be used. 
 
2. Including wanted sounds 
Wanted sounds are those that contribute to enhancing the quality of the urban environ-
ment. Therefore, they are important elements to integrate in the urban sound environment. 
Sounds of nature in general are considered wanted sounds (Guastavino, 2006; Yang & Kang, 
2005b). Birds, are the most preferred natural sounds in the urban area (Hong & Jeon, 2013). 
They can be important elements in the soundscape since they provide stress recovery 
(Ratcliffe, Gatersleben, & Sowden, 2013). The attention restoration theory to recover from 
fatigue can be also applied here as well (Kaplan, 1995). In this case, it is possible to direct both 
attention and stress by boosting the natural sound environment. Moving water such as foun-
tains are also positively valued sounds of nature (Marcus & Francis, 1998; You, Lee, & Jeon, 
2010). Wind in trees and even animals and insects also contribute positively to the soundscape 
(Zhang & Kang, 2007). Surprisingly, the sounds that other people make can also be positively 
perceived. This includes voices, conversation, singing, footsteps and even laughter (Yang & 
Kang, 2005b).  
The inclusion of wanted sounds can mask unwanted sounds and assign an iconic character 
to the place. The use of water to dominate the soundscape is useful to mask street noise (You, 
Lee, & Jeon, 2010). The introduction of vegetation, trees, and green areas can attract wildlife 
which will provide natural sounds such as bird singing. Even a musical performance or a sonic 
event can be used not only to drive attention but also to create new emotions in a certain 
place (Logan, 2016). For example, a piano located in a public space inviting people to play 
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invites to gather people around the artistic performance to enjoy the music (Bywater, 2007). 
The sound of walking can influence the perception of a place and provide non-visual infor-
mation about it (Visell et al., 2009). For example, the surface of paving can give a different 
degree of echo that makes an area feel grand (Aletta,Kang, Astolfi & Fuda, 2015). Finally, a 
creative acoustic design can be added to the sound environment to provide areas of high 
acoustic quality.  
 
3. Foregrounding and backgrounding 
The location of sources relative to the listener is strategic to control the sounds in the urban 
environment. However, foreground or background sounds reflect not only the location of the 
sounds with respect to the listener. The meaning is more closely related to the level of atten-
tion they can trigger. The foreground sounds are normally those sounds to which one listens 
consciously. A sound that is irrelevant for the current activity gets backgrounded and may not 
be consciously heard.  
 
4. Attention and noticeability 
When a listener is in a real urban environment, the attention is normally not focussed on 
sounds. It is divided by the senses, which in combination, provide a representation of the en-
vironment. When asked to listen to the sound environment, the perception can change when 
giving an intentional attention to the sounds (Santangelo, Fagioli, & Macaluso, 2010). A non-
attentive listening state can be considered the default state. However, when a specific sound 
from the environment draws attention, listening enters a selective mode. The sensory input 
is evaluated while the attention to other sensory signals is reduced to prevent overloading 
(Botteldooren et al., 2015). In any case, the auditory system stays alert and prepared to detect 
any sound in the environment with high saliency (Kayser, Petkov, Lippert, & Logothetis, 2005). 
Note that this can vary between different groups of people, as seen in Chapter 3. 
Noticeability of sound is an important factor to consider (De Coensel et al, 2009). When a 
sound is continuous and invariable it can be easily                                                                          
unnoticed. People sometimes notice certain noise only when it suddenly stops, while they 
were not aware of it when it was there. Spectral or temporal variations of sounds and modu-
lation can also increase noticeability of sounds.  
The purpose from a soundscape point of view is to turn unwanted sound into unnoticeable 
ones. Distracting the attention from them or reducing their saliency is beneficial. Adding sali-
ent wanted sounds is also important to increase the quality of the urban soundscape. Focus-
sing attention on desired sounds can perceptually mask unwanted sound and reduce its per-
ceived loudness (De Coensel, Vanwetswinkel, & Botteldooren, 2011). Also, expectations about 
the place, and previous experience and knowledge can affect attention. Being familiar with 




while a sound incongruence in the scene can enhance detectability producing an involuntary 
attention focusing (Gygi & Shafiro, 2011). 
 
5. Listening 
The listening process not only depends on the sounds in the urban environment. It is a 
complex process in the person where different functions take place. Apart from attention and 
other cognitive functions such as memory, foregrounding (attentive listening), and back-
grounding (holistic listening) (Axelsson, Nilsson, 2010), there are also behavioural functions 
like listening habits (Truax, 2001). They can evolve with time and experience from a holistic 
listening approach to understand the place, to a focused listening status where one can expect 
particular sounds or address the attention to a certain sound of interest. Attentive, analytic, 
and descriptive listening are considered the most important in the construction of the sound-
scape and have been analysed in research. However, asking somebody about their listening 
experience activates in them attentive and descriptive aspects that might not be present in a 
real soundscape experience. A holistic listening or simply hearing mode (even subconscious) 
can influence the perception of the urban environment (Botteldooren et al., 2015) 
 
6. Quietness 
Quietness is a characteristic that should be considered in the design of the urban sound-
scape.  
It is difficult to find quiet places inside a city. Therefore, the importance of quietness in 
urbanism is very high and urban quiet places should be protected. In the design of the city 
soundscape it is necessary to provide quiet areas like quiet spots or quiet parks. 
In relation with the quiet areas is the quiet side concept. It refers to the quiet façades facing 
a quiet area in a residential building. The buildings should be positioned and designed guar-
anteeing residents to have access to quieter rooms. This reduces noise annoyance and other 
adverse health effects (Van Rengerghem & Botteldooren, 2012) while enhancing relaxation 
(Öhrström, Skanberg, Svensson, & Gunnarsson, 2006). Additionally, it enables them to open 
the windows without being disturbed by unwanted sounds and facilitating a quality sleep.  
However it has also been proven that the meaning of tranquillity has a strong personal 
factor (Filipan et al, 2017). Some individuals experience tranquillity in a silent place, while oth-
ers prefer to hear natural sounds or even establish social relationships. In order to satisfy the 
needs of the different groups, a space for each preference should be provided. A safe feeling 
or a pleasant view including green or water are other characteristics of the space that can help 
to enhance the quality of a quiet urban area. 
  
 
CH4  107 
 
7. Multisensorial perception 
Beyond the sense of hearing (Tse et al., 2012), other human senses can also contribute to 
the appreciation of the sound environment. The microclimate that provides temperature com-
fort or wind comfort can be also relevant. Odours provide information of the space and can 
be iconic in certain places. The sense of smell is related to the visual sense, facilitating the 
identification of the elements in the environment under congruent conditions (Seigneuric, Du-
rand, Jiang, Baudouin, & Schaal B) and the effect of odour can modify noise and visual land-
scape perceptions (Jiang, Maffei , & Masullo, 2016).  
Especially the visual context can shape the perception and understanding of the sonic en-
vironment. Therefore, some specific guidelines related to the visual sense could be applied in 
the design of qualitative soundscapes. Generally, a particular visual element in the urban en-
vironment that requires an extra attention can be useful to distract from listening unwanted 
sounds. Visual elements moving can also be a good alternative to switch the meaning of un-
wanted sounds. A good real example is “The wind portal” art work in the San Francisco Inter-
national Airport BART Station created by the artist Ned Khan. It consists of kinetic sculptures 
that move with the wind produced by the trains entering the station. It allows watchers to 
visualize the movement of the air giving the impression that the sound is produced by the 
moving sculpture instead of the trains and making the sound more pleasant. It can be consid-
ered a visual sound masker. 
Specifically, there are different visual elements in the urban environment that can help to 
improve the quality of the soundscape.The vision of vegetation helps to perceive the environ-
ment more attractively and it is essential to contribute to a tranquil urban area. Building en-
velope greening measures is an example that can be used to achieve quietness (Renterghem, 
Hornikx, Forssén, & Botteldooren, 2013). A green environment, also reduces the noise annoy-
ance in the dwellings, despite the view from the windows is not very dominant (Van Renter-
ghem & Botteldooren, 2016). The presence of water features also provides visual attractive 
features to an urban place, besides its acoustic ability to mask the noise. A low percentage of 
buildings and the opennes of space also influences positively the perception of the sound en-
vironment (Liu, Kang, Behm & Luo, 2014). The presence of other people is another appreciated 
factor (Echevarria Sanchez, Van Renterghem, Sun, De Coensel, & Botteldooren, 2017a). Seeing 
a sound barrier contributes to the perception of sound shielding. In Chapter 3 the different 
heights of sound barriers were triggering visually the corresponding shielded sound even un-
der the same sound stimulation. Here it is important to mention people with different audio-
visual dominance can perceive this differently. The possibility to see the sound source can also 
help to improve the soundscape, for example allowing the vision of cars through a transparent 




3 Approaches to the future urbanism  
Technology has evolved intensely in recent years, offering new possibilities for the devel-
opment of cities and providing new ideas that could completely change the current concept 
of urbanism. Sound planning is one of the aspects that cannot be missed in the future of urban 
planning. The treatment of urban sound must be treated intelligently and preferably in ad-
vance, preventing the sound problems and avoiding unpleasant urban spaces with low acous-
tic quality.  
In the following subsections the future of urbanism is discussed, offering an overview of 
what the city of the future could be like including sound planning approaches. The smart city 
concept and the new technologies are described together with the possibilities that they offer 
for the future cities and for the implementation of urban sound planning. 
  
3.1 The smart city of the future 
70 percent of the world's population will live in cities by 2050, and there will be 37 "meg-
acities" in the world, accommodating 14 percent of the world's population. Efficiency in the 
management and maintenance of these cities will be very important. Technology has ad-
vanced enough to be able to make a smart city possible. This concept can be compared with 
the smartphone or the smart house. The evolution from the first cell phone in the 80’s to the 
current smartphones is immense. Also, a smart house is possible nowadays, integrating tech-
nologies for its security, welfare, communication services, energy management, and automa-
tion. Similarly, a city can make use of different types of technologies to increase its sustaina-
bility, reduce costs, and to improve the quality of life of its citizens. The goal is to achieve a 
more efficient, competitive, sustainable, safe, inclusive, social and pleasant city (Bibri, 
Krogstie, 2017).  
A smart city integrates the Internet of Things (IoT) and the Information and Communication 
Technologies (ICT) making communication possible, and enhancing the quality of services 
(QoS) (Ben Sta, 2017). IoT is the network of the physical devices that can be connected to the 
internet allowing the exchange of data. Aside from computers and smartphones, any other 
thing could be connected to the internet and controlled remotely or automatically, potentially 
reducing human intervention and increasing automation. Additionally, they can also provide 
valuable information and data by the addition of sensors. ICT is the technology related to in-
formation/communication which operates as a mediator tool between the users and the real 
world as a virtual platform. Currently, it provides society with a vast array of new information 
management and communication capabilities. Communication in real-time, instant messaging 
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or voice and video-conferencing are some examples. ICT impact grows at a fast speed and 
offers multiple possibilities for the city of the future.  
 
The possibilities that technology offers can also be applied to the soundscape design of the 
city. Using noise sensor networks could be useful, allowing different technological possibilities 
for its analysis. As an example, the IDEA project (Intelligent Distributed Environmental Assess-
ment) developed an extensive intelligent measurement networks for noise, providing func-
tionalities for sound source identification, creating reliable alarms, and providing models for 
short-term prediction (Botteldooren et al.,2013).  
 
3.1.1. Participatory system  
Interdisciplinary collaboration is essential given the holistic approach needed to success-
fully treat the urban sound environment. Urban planners and acousticians need to collaborate 
in order to create a design that leads to enjoyable public spaces. Other disciplines need to be 
taken into account as well. Co-design between land use planning and mobility planning can 
reduce the demand for motorised mobility and separate access routes from dwellings or re-
storative urban spaces. If introduced in an early planning stage, the cost for noise control will 
be largely reduced. Collaboration between land use planners and urban sound planners allows 
for early stage strategic distribution of land uses where sensitive uses (e.g. residential, green, 
and medical) are located far from sound-disturbing uses (e.g. industrial, sport facilities, ring 
roads). Strategic noise mapping that calculates in which parts of a city high traffic noise levels 
will occur can be very helpful. 
Connecting urban planning and urban sound design allows to adapt the location, grouping, 
dimensions, and shape of the buildings and use them as “natural” sound barriers. Understand-
ing the generalized effect of the urban form and morphology (Kang, Ma, Tong, & Liu, 2012) on 
the urban sound space allows it to be considered in urban planning and design decisions. 
 
One of the most important aspects of urban planning is people, and technology should 
adapt to their needs. A smart city is not only a concept that locates the citizen at the end of a 
process. The user is not the end of the chain but is included as an actor, participating in the 
system as a sensor, contributing with information, providing data, giving feedback, and par-
ticipating in the decisions. Thus, the concept of Co-creation was conceived. Collective Intelli-
gence (CI) and co-creation are modern concepts whose meaning goes far beyond the team-
work definition. CI is a group of individuals acting collectively in an intelligent way. Indeed, the 
individual contribution can greatly benefit the whole group create a compilation of valuable 
information. Co-creation is a strategy where different parties give a contribution to produce 
an outcome. To reach high quality of the result, a selection of the most promising submissions 
is made. Related to Urban Sound Planning, sharing knowledge and experience related to the 




able to choose the most suitable option according to their preferences. Allowing the citizens 
to rate the sound environments or even to participate with suggestions for its improvement 
is a valuable contribution to efficiently improve the soundscape quality for the users. 
 
3.1.2. Smart ideas against noise 
There are already some examples where the noise problem in cities is treated from a smart 
perspective. They make use of technology for different purposes that range from detectability 
and control to noise assessment and classification. 
A smart approach to control noise in cities consists of using ICT to detect noisy vehicles 
using a sound surveillance camera to detect them (Agha, Ranjan & Gan, 2017).  
Noise maps can make use of ICT to turn them dynamic through a set of measurements that 
continuously update the information. For an efficient performance, a good balance between 
a fast update and an accurate calculation needs to be found (Wei, Van Renterghem, De Coen-
sel, & Botteldooren, 2016). A dynamic noise map would allow to detect noise problems in real 
time and apply more efficient noise mitigation measures. Additionally, their information as 
open data can be useful for the citizens. However, the traditional noise monitoring is very 
expensive. The use of less accurate devices or even personal smartphones are considered new 
alternatives as a low-cost solution that can achieve an adequate precision to help to assess 
the environmental noise (Van Renterghem et al., 2011; Sevillano, Socoró, & Alías, 2016; 
Mydlarz, Salamon, & Bello, 2017). In the IDEA project (Intelligent Distributed Environmental 
Assessment), the use of intelligent systems compensates the loss of measurement data quality 
of low-cost sensors.  
Sensor networks for environmental noise mapping could also be participatory. This would 
enable the collaboration of all the citizens and the possibility to have a large number of meas-
urement points (D’Hondt, Stevens, & Jacobs, 2013; Can, Guillaume, & Picaut, 2016). Some 
mobile apps are already freely available for that purpose.  
Other ideas that include the collaboration of people consist on the collection of soundscape 
descriptions, to assess the sound quality of a certain place by means of questionnaires. (Craig, 
Moore, & Knox, 2017; Aumond et al., 2017).  
A smart city approach can analyse the information shared by the users to provide sound 
information from the different public places (Aiello, Schifanella, Quercia, & Aletta, 2016). This 
could be used for soundscape classification and for the evaluation of its quality. Dr. Ye (Ye, 
Kobayashi, & Murakawa, 2017; Boes, Filipan, De Coensel, & Botteldooren, 2018) proposed a 
machine learning-based scheme for the classification of urban sounds, which are currently 
complex to detect (human ear can detect the nature of different sounds, but a machine cannot 
distinguish them). Additionally, individual feedback would allow to collect information from 
citizens about their use of the city and their preferences, facilitating an efficient and custom-
ized evolution of the city adapted to the users. 
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3.1.3. Smart cities in the present 
Nowadays there are some cities which are considered smart in a technological sense. Sin-
gapore is considered one the smartest cities holding a number of sensors and cameras that 
can track everything from cleanliness to traffic providing an open data platform. Additionally 
they are developing a dynamic 3D model that enables city planners to run all sort of virtual 
tests. Barcelona uses sensor systems not only to monitor, manage and reduce traffic but also 
for irrigation to avoid drought. It has installed smart parking technology and smart streetlights 
that reduce the energy consumption. Oslo uses IT with an emphasis on sustainable energy in 
order to reduce energy consumption and greenhouse gas emissions. Additionally, it has in-
stalled a sensor network to help improve the care for sick and elderly individuals. Many other 
cities like London, Dublin, Stockholm, or Madrid have implemented smart technologies and 
programs. 
However, the aspect of sound is not always present in the main list of priorities for a smart 
city. Although the prevention, monitoring and control of noise are considered in the environ-
mental sector of the smart city, urban acoustics as an architectural and compositional re-
source is still seldom present. 
Sound should be one of the concerns in a future smart city and thereby provide a smart 
sound management. Some examples are worth mentioning as a role model. Barcelona is one 
of the few cities that sensors and monitors noise in addition to air quality. Also Santander is 
developing an acoustic infrastructure to monitor the traffic by measuring the noise levels on 
the street. It can even detect an emergency situation that can give an automatic alert to the 
authorities. An interesting system where the acoustic sirens from the ambulance can be de-
tected activating the order to change the traffic lights to provide it with a free way to reach 
the hospital as soon as possible. 
Smart sensing is essential for the urban sound environment. Sensors can provide many 
other advantages to the urban sound planning set up in stations across the city or even 
mounted on bikes and cars. Adapting traffic flows dynamically can contribute to reduce noise 
emission (De Coensel, De Muer, Yperman, & Botteldooren, 2005). Therefore, sensing the traf-
fic flow for an automatic management and control (Li, 2014) could allow to efficiently reduce 
traffic jams and road traffic noise influencing the transport behaviour (Marouf, Bell, Goodman, 
Namdeo, & Neasham, 2018) by means of a dynamic traffic light control or dynamic informative 
road panels. Sensors can also help improving the soundscape quality of a public space, regu-
lating the intensity of wanted sounds like fountains to mask detected unwanted sound. 
These are just a few examples that have opened the path to create smart solutions. It is 
expected that the number of smart cities increases in the near future contributing to new 
smart ideas making citizen’s urban life easier and more qualitative in all aspects, including the 




3.2 VR and AR 
New technologies such as Virtual Reality (VR) and Augmented Reality (AR) can facilitate the 
incorporation of acoustics in the urban process since they can include sound in their models. 
They could be used as tools for the audio-visual design of existent or future urban spaces, and 
they might transform the way in which the urbanism and soundscape are approached nowa-
days. 
The design process of the urban project can be more effective with the help of the current 
technologies. Virtual Reality (VR) is a computer-generated scenario capable of simulating re-
alistic experiences by means of a headset. It can be used to experience urban scenarios prior 
to its construction offering many advantages. Allowing to find the best design strategy and 
verifying beforehand the quality of the future intervention are some examples. The method 
proposed in Chapter 2 to compare the quality of different urban renovation proposals is an 
example of the application of VR. The quality of the future urban environment including the 
soundscape can be predicted and assessed and thus allows to compare the realistic perception 
of people. 
Augmented Reality (AR) is another new resource for the visualization of digital models 
melding 3D objects with the real environment in an interactive experience in real time. Addi-
tionally, it gives the possibility to design future urban models without the need of generating 
virtually complex environments, since it represents exclusively the intervention to be carried 
out. These features are ideal for the initial phase of the urban project design, testing the first 
ideas in situ or evaluating the earliest design proposals. Also, they seem more appropriate to 
quickly test the dimensions and the best location of a new urban element to be inserted in the 
urban scene such as a new fountain or a fun fair.  
Both virtual and augmented reality are invaluable contributions to the improvement of the 
designer´s creativity and there are still many other utilities to discover and develop. At the 
moment they can help to make better decisions in the urban design process and allow what 
was not conceivable previously: that it is possible to experience the urban spaces before they 
become true. 
Additionally, VR and AR are easily reachable to the population by means of their 
smartphones. This opens multiple opportunities to involve them in the design process in the 
form of ratings, feedback or even design proposals. The new technologies have additional 
advantages compared to the use of indicators for quality of the urban sonic environment, 
reducing the gap between the urban actions and the citizens. Firstly, allowing a clear 
communication with the public who can easily comprehend the measures proposed in an 
intuitive manner by experiencing them virtually (Jiang, Maffei, & Masullo, 2016). This allows 
participation processes of the citizens where they can evaluate the future urban soundscape 
without requiring technical knowlede in acoustics or urbanin planning. (Pierdicca et al., 2016). 
The European project cyberparks (http://cyberparks-project.eu) is currently working in this 
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direction by means of smart phone applications. It also allows the possibility of co-creation. 
The citizens that live everyday life in the city are the ones that better know what they would 
like in the city. The new techologies allow them also to propose new ideas and participate in 
decision making. 
Summarizing, the urban sound design, management, and assessment in cities is expected 
to develop together with the use of new technologies which can help to create and maintain 
urban spaces of high sound quality where liveability increases its value. 
4 Conclusion and summary of guidelines 
In this chapter, the different approaches in the present research are applied to an urban 
context in an effort to show what Urban Sound Planning could be like. It intended to provide 
a useful guide to help architects and urban planners to control certain aspects of environmen-
tal acoustics by means of architecture and urban planning.  
The holistic approach in this chapter extends beyond the traditional noise control approach 
reaching perceptual assessments in different urban scales. In this section a summary of guide-
lines is provided for each of the approaches and for each of the urban scales. 
 
The advices for good sound practice proposed along the present chapter are ordered in the 
following chart (see Fig. 4.14), making a main distinction between the macroscale (A) and the 
microscale (B) urban level. Additionally, different approaches are given in order to achieve a 
qualitative urban sound environment: noise preventive measures (A1), noise reduction inter-
ventions post-hoc (B), and Sound perception (B2). 
 
Fig. 4.14: Good sound practice in Urban Sound Planning. General outline. 
A. Macroscape level A1. Noise preventive measures 
B. Microscape level






Strategy for soundscape 
design





A summary of guidelines for each approach is provided below for each approach.  
 
Table 4.2       A1. Urban noise preventive measures 
1 Predefine the transport network hierarchy 
2 Provide good network of public transportation 
3 Provide transport sustainability 
4 Consider temporal variability of sound 
5 Strategic distribution of land uses 
6 Select an appropriate urban morphology 
7 Care for the sensitive areas and uses 
8 Strategic location of buildings as noise barriers 
9 Reduce road traffic noise 
10 Provide quiet areas 
11 Ensure a quiet side for each building 




Table 4.3       B1. NOISE REDUCTION 
Protecting and shielding 
1 Locate the street uses conveniently 
2 Promote diffusion 
3 Modify sound direction with inclined surfaces 
4 Add absorption 
5 Provide shielding 
6 Provide Façade and window insulation 
7 Locate rooms at the quiet side 
8 Window position 
 
Sound-friendly architecture 
1 General shape of the buildings 
2 Prominences on the façade 
3 Recess on the lower storeys 
4 Balconies 
5 Self-shielded windows 
6 Low-height noise barriers 
7 Addition and position of absorption 
8 Depressed road 
9 Roof design 
10 Vegetation 
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Table 4.4       B2. SOUND PERCEPTION 
 
Strategy for soundscape design 
1 Understand the context 
2 Foresee people´s need 
3 Compose the sound environment 
 
Guidelines for sound environment composition 
1 Understand the place beforehand 
2 Understand the type of users and their relationship with the urban space 
3 Incorporate soundscape into planning, urban design and management approaches 
4 Mitigate and prevent noise with a good urban strategy 
5 Use the soundscape management as a resource instead of as only a waste 
6 Focus not only on the sounds of discomfort but on all sounds 
7 Intervene in all areas, not only in areas with noise problems 
8 Increase the quality of the urban space with a sound environment of quality 
9 Give meaning to the place through soundscape design 
10 Provide, protect and manage quiet areas 
11 Protect iconic sounds that identify the place 
12 Show users how to use the urban space through the acoustic environment 
13 Provide sound coherence 
14 Consider expectations of users 
15 Consider the opinion of users 
16 The acoustic design can be creative 
17 Enhance wanted sounds to increase the acoustic comfort 
18 Introduce sounds of nature, water and people (depending on the context) 
19 Limit unwanted sounds (using sound friendly architecture) 
20 Use masking methods to reduce the saliency of unwanted sounds 
21 Ensure the unwanted sound does not mask the wanted sound 
22 Ensure diversity in the acoustic environment 
23 Exploit the temporal character of sounds 
24 Encourage attention to sub-criterion exposures 






Finally, three main aspects represented in this chapter can be drawn as a conclusion.  
1. Urbanism is capable to prevent noise problems in future urban developments.  
2 Architecture offers multiple possibilities with its geometry and materials to reduce the 
noise levels in the city.  
3 Urban design and architecture design are responsible for the composition of qualitative 





Chapter 5 Conclusion and future work 
The great majority of urban public spaces lack sound quality and some of them even pre-
sent traffic noise problems that negatively affect the liveability and health of the users. This 
dissertation studied how to improve the city sound environment at street level from an urban 
and architectural point of view. It proposes an ambitious research plan, facing the sound de-
sign problem from a holistic approach.  
Three main aspects were investigated moving from the objective aspect of sound to the 
subjective and personal perception of the environment.  
 
1.  The research presented in Chapter 1: “reducing traffic noise in street canyon by archi-
tectural design”, compares the effect of different shapes of buildings, street configurations, 
and urban elements inside the same general canyon dimensions, in order to compare the pre-
cise effect in the traffic noise distribution. For that, an elaborated large number of different 
canyon shapes were calculated. Façade designs, urban furniture shape, and street configura-
tions have been analysed using the accurate pressure-velocity FDTD method. The efficiency of 
the numerical method in an urban configuration was successfully validated using the reflec-
tion ratio previously measured in 100 streets in the city of Ghent. 
One of the most important outcomes of this research is a set of practical architectural guide-
lines to efficiently reduce the traffic noise by means of the canyon design: the configuration 
of the street, the shape of the façade and the elements present in the urban scene (i.e. urban 
furniture) can reduce up to 13 dB(A) for pedestrians. It was shown that even small interven-
tions can have an impact on the sound exposure in particular receiver zones. Specific findings 




This showed that traffic noise in a street canyon can be controlled by geometric design. The 
results can be used as a guidance for urban street design to mitigate road traffic noise expo-
sure in future developments with analogous street canyon configuration. However, these re-
sults cannot be guaranteed in other urban configurations. Further research could investigate 
other built forms like high-rise tower blocks or stand-alone individual houses. 
Urban areas with an open configuration, like parks or ample pedestrian squares affected 
by road traffic noise could also be studied. In this case, the absence of buildings reduces the 
possibilities of architectural intervention. However, the urban furniture related to the use of 
the space offers new opportunities for noise control. The study of the optimal design and lo-
cation of urban elements such as a benches, or a plantation areas can be not only an interest-
ing architectonic task, but also an acoustical challenge. 
Moreover, the Finite Difference Time Domain calculations were performed in 2D cross sec-
tions of the street due to the high computational costs of this technique. The big dimensions 
of the street and the detail needed for the small geometries obliges the use of a large grid. 
This has the limitation of obtaining the results for a street geometry with a constant section, 
and therefore the geometry variation in the longitudinal dimension is not considered. Further 
research could analyse the effect of different discontinuities in the urban canyon with the 
same purpose. 
 
2.  The second approach in Chapter 2: “audio-visual perception”, intended to further im-
prove the quality of urban spaces and sound environments as perceived by citizens. One of 
the novelties is the consideration of the audio-visual interaction of human perception and also 
the subconscious appreciation of the soundscape. To assess this, different renovation designs 
(both visual and acoustic) in a previously degraded area were put to the test by means of a 
virtual reality experiment where more than 70 participants experienced several virtual walks. 
The experiment design was carefully design to guarantee ecological validity.  
The sound environments of the virtual experiment were accurately predicted with three-
dimensional and dynamic characteristics which represent the state of the art of the 3D audio. 
They included the effect of noise abatement measures such as noise barriers. The auralization 
for each virtual scene was a dynamic 3D surround based on first-order ambisonics recordings, 
encoded in B-format, filtered by means of FDTD calculation to obtain the different sound fields 
behind the different sound barriers considered. This procedure provides a realistic virtual 
sound environment with high accuracy including properties of sound propagation such as dif-
fraction and scattering (which make possible to hear a sound source behind an obstacle). The 
realism of the virtual experience was highly rated by the participants and their feeling of im-
mersion was very high as well.  
This research demonstrated that sound affects the experience of people in the urban envi-
ronment, even subconsciously. Additionally, it revealed the strong influence of vision in the 
perception of the urban sound environment, which suggests that urban sound interventions 
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should also consider the visual settings together with the sound environment. Specific findings 
are detailed in the conclusions subsection of the second chapter (Section 2.1.4). 
The most important outcome of this research was a new methodology proposed to com-
pare the perceived quality of different renovations of urban public spaces, including their 
sound environment, by means of Virtual Reality Technology. This method is useful for archi-
tects not only during the design process, but also to test the quality of their urban projects 
and their correspondent sound environment.  
The sound reproduction in virtual environments is one of the biggest challenges nowadays. 
A spatialized audio is crucial for creating a persuasive VR experience contributing powerfully 
to the user´s sense of immersion. The method proposed in this dissertation to compare differ-
ent urban designs is at the forefront of virtual acoustics due to the accuracy with which the 
sound is predicted, the dynamic environment, and the movement of the user. However, they 
are computationally very demanding making it impossible for real time calculation. In our 
case, the need to pre-calculate has the limitation of predetermining the virtual walking path: 
all participants followed the same route also to ensure they all share the same experience. 
However, Virtual Reality needs to be capable to allow free movement to the user. Future re-
search could develop a method to create realistic virtual 3D sound environments allowing free 
movement without dispensing on sound accuracy. Another technical approach could study 
the possibility of real time calculations within the urban sound environment. This would avoid 
the limitation of predetermined calculations driving the freedom of movement. 
Moreover, the use of VR to assess the perception of urban environments still offers a short 
time experience compared to the real experience, which can be a limitation in certain studies. 
Future research can focus on long-term assessments making use of Augmented Reality, which 
seems to be more useful since it can be used during long time while being in the real scene. In 
this case, the addition of sound elements in real time and the modification of the real sound 
environment represent another challenge for future research. 
Apart from the technical aspects of sound in the new technologies, understanding the per-
ception of soundscape is a complex matter that needs to be further studied, especially regard-
ing the listening and the attention theory. These factors could be also analysed in different 
urban contexts. Additionally, new analysis from the psychological aspect might be needed. 
Specifically related to the visual influence in the perception of the urban sound environment, 
additional research could bring further knowledge in the specific elements that contribute to 
make the urban environment more pleasant.  
In a similar trend of research, understanding the values of soundscape that promotes hu-
man restoration would be also interesting to study. These approaches can be useful to miti-
gate the current health problems associated to noise pollution.  
 
3.  The third approach in Chapter 3: “personal factors”, studied different personal factors 




A new personal factor was discovered which significantly influences the appreciation of cer-
tain urban environments: the auditory or visual dominance in people. According to this factor, 
a classifications of people was proposed which can be taken into account when creating urban 
spaces to ensure the different needs for all sort of people. Noise sensitivity, age and gender 
did not prove statistically significant differences.  
Further research could attend to other demographic personal factors and assess their dif-
ferences in ratings of different urban contexts or in other scenarios. Also of interest is the 
neurological basis for these differences between people, which offers a wide range for re-
search. 
 
From an urban sound planning context, Chapter 4: “Urban sound planning guidelines” pro-
posed a strategy for soundscape design and a set of urban guidelines based on a great variety 
of research. The intention was to efficiently compose the sound environment that allows a 
healthy urban liveability. The purpose was to instruct architects and urban planners to under-
stand the acoustic consequences of their decisions allowing them to define through architec-
ture and urban design a quality sound environment. Future research can demonstrate the real 
effectiveness of the solutions proposed. Real-life case studies and comparative case studies 
are needed.  
 
Finally, this dissertation demonstrates the power of architecture and urban design to influ-
ence the sound environment. The consideration of the acoustic aspects as an integral part of 
the urban environment is essential in all stages of the urban planning process. This would 
prevent noise problems and low acoustic quality areas, avoiding expensive and unattractive 
solutions. Acousticians, architects, and urban planners need to work together in matters re-
lated to sound and city development. The future urban planning needs to concern about the 
acoustic as one of the most important environmental aspects in the city. It has the responsi-
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